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(57) Abstract

PREVIOUS LAYER

The present invention is a high weeping strength polymer—~glass ribbon composite laminate for fluid containment. The laminate
includes a reinforced composite tubular body which comprises a tubular polymeric matrix including a thermosetting polymer with tensile
elongation to break less than 25 % and a glass ribbon reinforcement embedded within said tubular polymeric matrix. The reinforcing ribbon
may be helically wound at an angle between 0-90 with respect to the pipe axis, or wound at an angle of about 90° with respect to the pipe

axis.
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HIGH WEEPING STRENGTH POLYMER-GLASS
RIBBON COMPOSITE LAMINATES FOR FLUID CONTAINMENT

BACKGROUND/PRIOR ART

This invention relates to polymer-glass ribbon composite laminates for
fluid containment. In particular, this invention relates to a modification to the
reinforcement morphology of polymer-glass fiber composite laminates designed to
increase the strength and longevity of pressure containing devices made from such
laminates (under static pressure) and fatigue performance (under cyclic pressure). The
invention has utility for oil and gas production/transmission applications. Pressure
containing devices include: pipes, downhole tubulars, pipelines, pressure vessels,
underground storage tanks. Other applications include composite wraps and crack
arrestors. Containment pressure can be increased from current commercially available
levels up to 5000 psig long term service pressure. The performance of pressure
containing devices is limited by poor mechanical properties of the individual laminates,
in the direction normal to the fiber axis. It has been found that the use of glass ribbons
having aspect ratio between 10 and 1000 in the direction normal to the ribbon axis (e.g.
ribbon or tape morphology) as reinforcement results in increases to normal stiffness and
strength of the composite laminate providing an enhancement in containment capability.

Pressure containing devices (such as pipes, downhole tubulars,
underground storage tanks, pressure vessels, pipelines, wraps and crack arrestors)
fabricated from epoxy-fiber glass composites are increasingly used in oil and gas
production. For instance, low pressure piping in entire fields are being upgraded to take
advantage of these materials. The benefits of composites over equivalent metal
structures primarily involve their superb corrosion resistance, leading to a decreased life-
cycle cost. Other attractive advantages include their high strength and stiffness per unit
weight, flexibility in material design, and improved fatigue resistance.

Nevertheless, polymer composites as presently supplied contain a serious
deficiency that precludes their use in applications that generate even moderate stress
levels. Although the composite material exhibits an axial strength (in the fiber direction)
of up to 200 ksi (with pristine glass fibers), 100 ksi (for non-pristine glass fibers) the
device exhibits a loss of fluid containment integrity referred to as weeping, by which



"'WO 99/08033 PCT/US97/13342

matrix microcracking and ply delamination provide a leak path for the fluid at short and
long term service pressures which are an order of magnitude less than the burst pressure.

For composite pipes, the microcracking can be alleviated by increasing
the pipe wall thickness. However, this solution drives the composite pipe cost up by
approximately 30% as compared to that of carbon steels (for example, a 2000 psi
pressure, 2-7/8" outside diameter downhole tubing). This higher cost constitutes a
barrier to the substitution of composite pipes for carbon steels in low pressure
applications (i.e. flow lines). Composite pipes have not as yet been introduced in more
demanding, higher pressure functions (pipelines), as the cost of increasing further the
wall thickness becomes prohibitive.

Similarly, composites used as downhole tubulars do not compete
favorably against the more expensive corrosion resistant alloys (CRAs). The required
wall thickness of composite tubulars prevents their use in many applications where the
diameter of the hole connecting the oil in geologic formation to the surface is
constrained. Other devices such as composite underground storage tanks also exhibit
premature microcracking, hence their corrosion resistance does not offer any additional
advantages over similar metal structures. Matrix microcracking occurring in composite
wraps considerably reduces their longevity (for construction/rejuvenation applications),
as moisture eventually diffuses through the resulting cracks and directly attacks the
glass, thereby weakening the reinforcement.

Therefore, there is a need for material having increased containment
capacities particularly for moderate to high pressure piping/tubing in production and
transmission of fluids such as oil and gas.

The polymer matrix in these composite pipes is typically a thermosetting
system, e.g. an epoxy, which solidifies by cross-linking (chemical reaction).
Thermoplastic systems can also be envisioned as an acceptable material. The matrix in
this case solidifies by a physical phenomenon such as crystallization from the melt. The
cross-linked thermosetting plastic has a Young's modulus around 430 ksi, and a tensile
strength between 11-13 ksi and a tensile elongation to failure less than 25%.
Continuous glass reinforcement (currently fibers with a diameter 15um, volume fraction
60%) are embedded in a mixture of thermosetting resin and curing agent. The mixture

is initially uncured, so its viscosity is usually low enough (few hundreds cp) to ensure
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reasonable wetting of the glass reinforcement by the mixture. To make a tubular, the
resulting ply is wound around a mandrel, at an angle between 0° and 90° with respect to
the pipe axis. In the example shown in Figure 1, the winding angle 0 is 559, and the
laminate is viewed in a direction along the fiber length or axis. The winding angle 0 is
then tilted to 1259 (or -55°) upon reaching the end of the mandrel, then back to 55° and
so on. Several winding angles can be used in this process, i.e. 0, +45° and +70°. The
resulting pipe is referred to as a multidirectional filament wound pipe. The pipe is
subsequently heat treated, so the thermosetting resin can solidify by cross-linking. The
result is a pipe, referred to as filament wound pipe, with inside diameter typically ranging
from 1" to 36" and wall thickness from 0.1" to 2.0". Common pipe dimensions consists
of 4" inside diameter and 0.16" wall thickness.

Figure 2 shows a short-term failure envelope, i.e. fluid containment limits
due to matrix micro-cracking, weeping, measured for a representative composite pipe
with fiber/matrix parameters and dimensions as described in the paragraph above, under
different petrochemical service conditions: 1. Pure axial stress; 2. Hoop stress equal to
axial stress (downhole tubulars); 3. Hoop stress twice the axial stress (surface pipes);

~ and 4. Pure hoop stress (buried pipes). The service pressure can be obtained by
dividing the value of the hoop strength on the graph by the ratio R/T (inside radius over
the wall thickness) and by a service factor of 4 to account for visco-elastic relaxation of
matrix (static pressure), or matrix fatigue behavior (cyclic pressure) for long-term
service (20 years). For instance, such a pipe used as a downhole tubular can withstand a
service pressure of 500 psig; used as a surface pipe, a service pressure of 1500 psig; and .
used as a buried pipe, a service pressure of 1000 psig.

SUMMARY OF THE INVENTION

The present invention is a high weeping strength polymer-glass ribbon
composite laminate for fluid containment. The laminate includes a reinforced composite
tubular body which comprises a tubular polymeric matrix including a thermosetting
polymer with tensile elongation to break less than 25% and a glass reinforcing strip or
ribbon embedded within said tubular polymeric matrix. The reinforcing strip may be
helically wound about the longitudinal axis of said tubular body or wound at an angle
between ~90° and 90° with respect to the pipe axis.
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In a preferred embodiment, the axial Young's modulus of the tubular
body is greater than 50% of the rule of mixture value.

Brief Description of the Drawings

. Figure 1 shows an example of a reinforced tube with the winding at an
angle of 55°. The fiber volume fraction is 60%. The reinforcement illustrated consists
of conventional glass fibers.

Figure 2 shows a failure envelope with containment limits for matrix
micro-cracking and weeping.

Figure 3 shows the stresses induced by gas or fluid pressure in the wall of
a typical epoxy-based pipe. The winding angle is 55°.

Figure 4 shows the relationships in the coarse-grained spring model used
in the present invention. Central node (i) and eight (8) mechanically interacting neigh-
bors (j), (k), (1), (m), (n), (0), (p) and (q). kij is the spring constant between two nearest
neighbors, and kj is the spring constant between two next-nearest neighbors. Cijk is the

bond bending constant, shown here between bonds ij and ik. All equilibrium angles bet-
ween two bonds, i.e. G)ijk =0,,=0,,=0,,=0, = @iop = @ipq = G)ipj =0,=n/4.

Figure 5 shows the stress-strain plot according to the simulation model
applied to a typical laminate with conventional glass fibers having a volume fraction of
58%. The strain € is applied in the direction normal to the fiber axis, according to the
simulation model.

Figure 6a shows a schematic of a metal ribbon/epoxy pipe.

Figure 6b shows a cross-section of the pipe wall of Figure 6a.

Figure 7 shows Ey as a function of s/s. for a fixed ratio Eg/E,, = 24.
Aspect ratios s < s. are not desirable because of poor load transfer properties. Aspect

ratios s > Ss. may compromise the ease of processing, even though load transfer is close
to ideal.
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Figures 8a and 8b show a glass ribbon composite pipe and wall cross-
section for a ribbon distribution with £ =1/2 and L, = L/4.

Figures 9a and 9b show a glass ribbon composite pipe and wall cross-
section for a ribbon distribution with 1 <0.02 L and L, = L/2.

Figures 10a and 10b show a glass ribbon composite pipe and wall cross-
section for a random distribution of reinforcement.

Figure 11a shows a short-term failure envelope of invention, a glass
ribbon/epoxy pipe (full circles, dashed line), as compared to failure envelope of current
+55° glass fiber/epoxy pipe (full squares, full line). The ribbons have aspect ratio L/t =
170 (L and t are the ribbon width and thickness, respectively) and they are wound at 90°
(i.e. around the pipe circumference). The ribbon distribution is ordered, with an overlap
parameter Ly = L/5 and distance between adjacent ribbon edges £ <L/10.

Figure 11b shows a long-term failure envelope of invention, a glass
ribbon/epoxy pipe (full circles, dashed line), as compared to failure envelope of current
+55° glass fiber/epoxy pipe (full squares, full line). The ribbons have aspect ratio L/t =
170 (L and t are the ribbon width and thickness, respectively) and they are wound at 90°
(i.e. around the pipe circumference). The ribbon distribution is ordered, with an overlap
parameter Ly = L/S and distance between adjacent ribbon edges ¢ <L/10.

Figure 12a shows a short-term failure envelope of invention, a glass
ribbon/epoxy pipe (full circles, dashed line), as compared to failure envelope of current
+55° glass fiber/epoxy pipe (full squares, full line). The ribbons have aspect ratio L/t =
170 (L and t are the ribbon width and thickness, respectively) and they are wound at 90°
(i.e. around the pipe circumference). The ribbon distribution is random.

Figure 12b shows a long-term failure envelope of invention, a glass
ribbon/epoxy pipe (full circles, dashed line), as compared to failure envelope of current
+55° glass fiber/epoxy pipe (full squares, full line). The ribbons have aspect ratio L/t =
170 (L and t are the ribbbon width and thickness, respectively) and they are wound at
90° (i.e. around the pipe circumference). The ribbon distribution is random.



WO 99/08033 PCT/US97/13342

Detailed Description of the Invention

The detailed description of the invention shall be discussed according to

the following outline:

IL
III.
Iv.

L

Relationship Between Service Pressure and Laminate Normal Strength
Simulation Model
Comparison of the Present Invention with the Prior Art
Implementation of the Invention
A. Invention Principles
B. Important Composite Parameters For Optimized Composite Laminate
Transverse Properties of Invention
C. Selection Guidelines and Range of Values For Composite Parameters
Leading to Optimized Transverse Composite Laminate Properties of
Invention
1. Ordered Ribbon Distributions
a. Distance Between Ribbons, ¢ > 0.1L
b. Distance Between Ribbons, ¢ < 0.1L
c. Composite Transverse Laminate Weeping Strength
d. Selection Criteria/Range of Values
2. Random Ribbon Reinforcement Distribution
a. Critical Aspect Ratio For Random Ribbon Distribution
b. Transverse Laminate Tensile Weeping Strength
c. Selection Criteria/Range of Values
Example: Projected Performance of Invention
A Ordered Ribbon Distribution
B. Random Ribbon Distribution
Glass Ribbon Fabrication

Relationship Between Axial Weeping Failure of Pipe And Laminate Normal

Strength

The stresses induced by gas/fluid pressure in the wall of a typical epoxy-

based pipe using conventional glass fibers are shown on fig. 3. A pipe under pressure

can experience hoop, axial and radial stresses. Both the hoop and axial stresses are
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tensile in nature, while the radial stress o, is compressive and can usually be neglected
because it is small compared to the other two. These three stresses are shown acting on
a small volume element of laminate, on lower left of fig. 3, where the reinforcement, e.g.

conventional fibers or glass ribbons are wound at 55° angle to the pipe axis. We now
focus on the axial and hoop stresses only. The axial stress is given by:

o, =PR?*/(2RT+T?) (1)

in the case of a pipe with closed ends. P is the fluid pressure, R is the inner pipe radius
and T the pipe wall thickness. The hoop stress is given by Barlow's equation[4] for a
service pressure less than 1000 psig:

o, =PR/T @
and by a thick wall approximation[4], for a service pressure greater than 1000 psig:

6, = PQR? +2RT+ T?)/ (2RT + T?) (3)
Both these stresses can be resolved into longitudinal, normal and shear stress

components, with respect to a reference frame where one of the direction (L) coincides
with the reinforcement axis (for a single conventional laminate):

0, =0,sin’0+0,cos’ 0 (4)
Oy =0, cos’ 0 +0o, sin’ @ (5)
1=(0,~0,)cosOsin6 ©6)

where (N) is a direction perpendicular to the (L) direction, and the winding angle 0 =
55°, as can be seen on the lower right fig. 4. According to eqs (4) and (5), o, is

comparable to o, for service conditions 2, 3 and 4 on fig. 2. The strength in the

direction along the reinforcement axis (L) is controlled by the reinforcement strength,
and is approximately 60 ksi. However, the strength in the direction normal to the
reinforcement axis (N) is controlled by the matrix strength in the case of conventional
fibers. The resulting laminate short-term normal strength will be shown below to be less
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than 10 ksi for conventional fibers. Hence premature pipe failure is initiated by
microcracking of the matrix in between the fibers for conventional composites due to
either matrix visco-elastic relaxation (static pressure) or fatigue (cyclic pressure) arising
from loading in the normal direction. Note that the shear stress is not considered here.
Shear stress arise from the loading in the longitudinal and normal directions, due to the
fact the reinforcement is helically would around the pipe body at an angle @ different
than 0° or 90°. The shear stress can be engineered away by appropriate choice of the
winding angle, i.e. ® = 90°.

The axial failure stress on fig. 2 can be related to the normal laminate strength by a
simple analysis using eq. (5) and setting G, to 0:

o,=0,/sin’0 @)

The normal laminate strength o, may be deduced from eq. (7), using the empirical axial

failure stress of 11.25 ksi for conventional fiber-composites (point 1 on fig. 2), and its
value is 7.5 ksi for 60% fiber content. This value will be used later for computer model
validation.

The above analysis is based on a single ply and ignores the laminate shear
modulus and strength. It can be shown that a more detailed analysis based on an angle-
ply laminate (i.e. layers at £55°), and taking into account laminate shear properties yields
a transverse tensile strength of 7 ksi, in agreement with this simpler analysis.

2. Simulation Model

A model methodology is introduced here and will be used to demonstrate
the concept on which the invention is based: A ribbon-like reinforcement morphology
increases the amount of load transfer, hence the ply strength in the direction normal to
the reinforcement axis.

The elastic properties of the simulation model have been described
elsewhere (L. Monette, M. P. Anderson, H. D. Wagner and R. R. Mueller, J. Appl.
Phys. 76 (1994) 1442) (L. Monette and M. P. Anderson, Modelling Simul. Mater. Eng.
2 (1994) 53), and will be briefly mentioned here. The simulation model is a coarse-
grained spring model on a two dimensional lattice of dimensions 200 x 200, with spring
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constants k , and bond bending constants Copy - Each of the 40000 nodes interacts with

four nearest neighbors (i.e. connected by bonds aff =1ij, il, in and ip on fig. 4) and with

four next-nearest neighbors (i.e. connected by bonds af§ = ik, im, io and iq on fig. 4).

Tup is the distance between nodes a and 3, and the equilibrium bond length, raﬁ" =a, for

a nearest neighbor bond and raﬂ" =+ 2a_ for a next-nearest neighbor bond. ®an is the

angle between bonds o8 and aty, and the equilibrium angles
G)aﬁy =®ijk =0 =0, =0,,=0,, :®iop =®ipq = ®iqi =0,=n/4. The
constants k , and ¢, are defined as follows: k_, =2k if the nodes o and B are

ilm

nearest neighbor glass nodes and kaB =k, if o and B are next-nearest neighbor glass
nodes; kuﬁ =2k if the nodes o and B are nearest neighbor matrix nodes and kg =k,
if o and B are next-nearest neighbor matrix nodes; kap =2k, if the nodes o and B are
nearest neighbor glass and matrix nodes and km[3 =k, if a and B are next-nearest
neighbor glass and matrix nodes. Capy = Cm if bonds aff and oy are matrix bonds.

Copy =Cp if bonds aff and ay are glass bonds. Copy = Cis if bonds o3 and ay are a

matrix and glass bonds, or a glass and matrix bonds, respectively. The interface elastic
constants are chosen such that k; = k, and ¢; = ¢;,. The energy Vjj stored in a bond
between nodes i and j is:

V= Akij(rij - rij")2 +1/2)" Copy (COSO —cos®0)2 (11)

where Tjj is the distance between nodes i andj, and upon the application of a strain,
r; # rij°. The summation in the second term on the right hand side of (11) is over angles

apy=ijk, ijq, jil, and jip, and upon application of a strain, G)am #© . The matrix or

glass (m,g) Young's modulus and Poisson ratio are given by the following expressions:

— 2 2
Em,g = 8km,g[km’g + (cm,g la, )]/[3km,g +(cm,g la,")] (12)
Vg = Kmg = Cong /aj)]/[3km,g +(Cp g /a2, )] (13)

The constants k,, =285 ksi, c, =28 ksi a,’, k, =6428 ksi, c_ =1071 ksi a,’

are chosen, such that the matrix has Young's modulus of 428 ksi and Poisson ratio 0.3
(typical of a cured thermosetting resin used in fiber-reinforced pipes), and that the glass
has Young's modulus of 10285 ksi and Poisson ratio 0.2.
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Periodic boundary conditions are used in the direction of applied tensile strain or stress,
while free boundary conditions are applied in the other direction. Mechanical
equilibrium of the system is ensured by a conjugate gradient technique. The present
simulation model incorporates a failure criterion via the cohesive energy parameter Uj;.
The bond between node i and j is broken if it accumulates an energy Vjj greater than its
assigned cohesive energy Us for a glass bond, U; for an interface bond and Uy, for a
matrix bond, and U; = U,,. The parameters Uy, = 0.14 ksi and U, = 1.71 ksi have been
chosen such that the matrix tensile strength is 13 ksi, and the glass tensile strength is 100
ksi. These values are typical for thermosetting resins and for glass reinforcement,
respectively. The tensile elongation of the matrix at break is less than 0.25, for example,

0.03. Tensile elongation is defined as change in length over original length, é}

The model is subsequently used to simulate the stiffness and strength of a conventional
glass fiber laminate, in the direction normal to the fiber axis.

The poor loading of the reinforcement in the direction normal to the fiber axis implies
that the laminate strength in that direction is matrix-dominated, as the matrix always
exceeds its tensile failure criterion first. The fibers can be viewed in that direction as
two dimensional particles which do not carry a load significantly greater than that of the
matrix. Furthermore, when close enough to one another, they act as stress raisers,
causing stress amplifications in the matrix material. Therefore, the occurrence of failure
is expected at a value of external applied stress much less than the strength value of the
pure matrix material. The normal laminate strength is usually less than the strength of
the pure matrix materials, hence the empirical value of 7.5 ksi deduced in 1. above for a
60% reinforcement volume fraction is less than the strength 13 ksi for the pure matrix
material.

Figure 5 is a stress/strain curve obtained from the model for a conventional laminate
with a fiber volume fraction of 58%, typical of the laminates used for pipe fabrication.
The normal laminate strength is 8 ksi, a value within 7% of the empirical value of 7.5
ksi. It is therefore concluded that the model yields conventional glass fiber laminate
normal strength in good agreement with that of a real conventional glass fiber laminate.
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111, Comparison of the Present Invention with the Prior Art

Strip (or ribbon) reinforced composites are known in the art see US
patent 3,790,438, to provide enhanced mechanical properties, but are limited to
polymers with a tensile elongation greater than 25%. The reason given for this strain
limitation is that the matrix material must have sufficient elongation to decrease the
effect of stress concentrations due to thermal stresses arising during the manufacturing
process.

Metal strip reinforced tubular body, in which the matrix (typically a
thermoset) has a tensile elongation less than 25% have recently been proposed see US
patent 4,657,049. The invention is described as providing a tubular body comprised of
a thermosetting polymer in which metallic reinforcing strips are completely embedded
such that the entire load borne by the polymer is distributed to the reinforcing strips. In
consequence, the advantages of the invention are claimed to be such that it:

) Provides a tubular body with high mechanical strength, i.e. burst strength, and
high stiffness,

(i)  Provides corrosion resistance,

(i)  Can be manufactured on large scale at low cost,

and is therefore claimed to be suited for the conduction of wide variety of gases, liquids,
slurries, solid particulates and other materials.

Neither US patent 3,790,438, nor US patent 4,657,049 provide any
teaching for improving the resistance to loss of fluid containment arising from
microcracking or leaks in these materials for the following reasons:

® US patent 3,790,438 limits the range of validity of their invention (strip
reinforced composites) to polymeric matrices with tensile elongation equal or
greater than 25%. The polymeric material typically used in composite pipes for
oil/gas applications is a thermoset, which has a tensile elongation less than 25%.
Therefore, US patent 3,790,438 does not teach how to improve mechanical
properties of composites where the matrix has a tensile elongation less than
25%.
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(i)  US patent 4,657,049 claims that metal strip reinforced composites display an
improvement in mechanical properties, such as burst strength and stiffness.
However, for the particular problem of pipe leakage, burst strength is irrelevant.
The pipes never burst upon occurrence of weeping, or loss of containment. The
US patent 4,657,049 claims of an increased burst strength and stiffness enabling
the conduction of highly pressurized fluids is probably justified. The internal
pressure which a reinforced composite tubular body of given diameter can resist
(without bursting) obviously depends upon the mechanical strength of the
reinforcing strips, hence the use of metal strips. However, the caveat is that in
the oil fields, loss of containment integrity occurs at pressures which are well
below the internal pressure needed to cause the conventional fiber-reinforced
pipes to burst. In fact, there is no mention of matrix microcracking, weeping, or
containment integrity in the wording of US patent 4,657,049. In consequence,
there is no teaching provided in US patent 4,657,049 which clearly demonstrates
that one should expect an improved burst strength or improved stiffness to
increase the pipe containment integrity (weeping resistance) as well.

The following is simulation data generated by the model described in
section 2. The purpose is to demonstrate the above argument (i), i.e. that increasing the
reinforcement strength and stiffness may greatly increase the pipe burst strength and
stiffness, but does not improve the leaking resistance significantly above that of the
conventional fiberglass/epoxy pipes. Let a pipe be made by winding metal strips coated
with epoxy, so the strip axis is perpendicular to the pipe axis, as shown in fig. 6a. Each
turn or convolution of strip (of width L and thickness t) in one layer overlaps two turns
or convolutions of strip in adjacent layers, and is also offset with respect to these
adjacent turns by a length L, as shown in fig. 6b of a tubular wall cross-section (strip
axis pointing out of the page).

The offset length L, is at the minimum equal to L¢/2, and L is given by
L¢ =t or/(217), where o is the tensile strength of the reinforcement, tj is the shear
strength of the interface between the reinforcement and the polymeric matrix, and t is
the strip thickness. The following table is based on the two first rows of the table in US
patent 4,657,049. We have added the tensile weeping strength o, and (o, = oy because
the pipe longitudinal axis is perpendicular to the reinforcement axis) at which the US
patent 4,657,049 invention, a metal strip reinforced pipe, displays loss of fluid
containment; the tensile strength 64 where matrix microcracking first occurs (and o4 <
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ow), leading eventually to loss of fluid containment; and Ex, the laminate Young's
modulus in the direction normal to reinforcement axis. G, 64 and Ey are calculated

from our simulation model, with the following parameters taken from US patent
4,657,049:

Reinforcement (Metal 1 in US patent 4,657,049)
Tensile strength: og = 90kg/mm?2 = 126 ksi

Young's modulus: Eg ~ 20 x 103kg/mm?2 = 28571 ksi
Volume fraction of reinforcing strips: vr= 50%
Ribbon thickness: t=0.1mm

Matrix (Epoxy A in US patent 4,657,049)

Tensile strength: o, ~ 2kg/mm? = 2.8 ksi(Deduced from pipe hoop strength: 65 = v¢
or + (1-vp)Om = 46kg/mm2)

Young's modulus: E,, ~ 0.25 x 103kg/mm?2 = 357 ksi (Deduced from pipe hoop
modulus: Eg = v{Eg + (1 - V)En ~ 10 x 103kg/mm?2)

Interfacial shear strength: 1;= 1.5kg/mm2 = 2.1 ksi
Critical ribbon width: L =t or/(27;) = 3mm

Table 1 compares the expected pipe axial strength: 6, = fv,o, +(1-fv;)o_, (and f=

1-Ly/L) as predicted in US patent 4,657,049, to the weeping strength o, (6. = o) and
stress 64 at which first damage occurrence begins, as determined by the computer

model:
Table 1
Ribbon | Ribbon | Offset oz Ow of! Ex
Width Aspect |Length | f=1-Lo/L | (ksi) (ksi) (ksi) (ksi)
L (mm) [ Ratio L, (mm)
16 160 4 0.75 49 15 9 7714
40 400 4 0.90 59 16 6 10571

The following four conclusions can be drawn from the data in Table 1:

The tensile weeping resistance o, of US patent 4,657,049 metal strip
reinforced tubular, as measured by the simulation model described in section 2 is 3 to 4
times less than the predicted pipe axial strength oz. Therefore, the pipe tensile weeping
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strength oy, which is the pipe usable strength before occurrence of loss of containment,
is a property independent of the pipe ideal axial strength o.

The axial weeping strength 6y (6, = o) of US patent 4,657,049 metal

strip reinforced tubular has not been increased significantly above that of conventional +
55° filament wound fiberglass/epoxy pipes, which is 6, = 11.2 ksi (and o, # Gy, for
3.89" inside diameter and 0.16" wall thickness); and is below that of commercially

available multidirectional filament wound fiberglass/epoxy pipes, which is o, = 21.4 ksi
(and 6, # 0, for 1.94" inside diameter and 0.23" wall thickness).

There is no teaching in US patent 4,657,049 on how to select
reinforcement and matrix properties to increase the weeping resistance above what is
currently provided by commercial composite tubular goods, up to the theoretical limit of
ow = Oz (in table 1).

The tensile stress level 64 at which matrix microcracking first appears as
determined by the simulation model for the US patent 4,657,049 metal strip reinforced
tubular is 0.5 to 0.8 lower than the tensile weeping strength of conventional +55°
filament wound fiberglass/epoxy pipes. This implies that US patent 4,657,049 metal
strip reinforced tubular is likely to loose its corrosion resistance at service pressures
where state of the art composite pipes/tubulars provide corrosion resistance. The initial
matrix microcracking encountered at these lower tensile strengths provides an entry path
for the corrosive fluids present in petrochemical applications to attack and progressively
degrade the metal reinforcement.

IV. Implementation of the Invention

A. Invention Principles

We have indicated in section I that (in the absence of shear stresses), the
weeping resistance of current composite pipes is limited by the laminate transverse
strength. The principle on which the present invention is based is that the load transfer
in the direction normal to the reinforcement axis must be increased, in order to increase
the laminate transverse strength, hence the composite resistance to weeping. An
approach to increase load transfer is to modify the reinforcement morphology, i.e. from
cylindrical to ribbon-like, as to increase the surface area in the transverse direction. This
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increased surface area is expected to give rise to shear tractions, which lead to increased
reinforcement loading in the laminate transverse direction. The reinforcement has a
ribbon-like cross-section made of bulk glass, such that it possesses a normal aspect ratio
(ratio of ribbon width over thickness) much greater than one. For example, in order to
obtain a ribbon aspect ratio of 170, given a ribbon thickness of 15y, the required ribbon
width is 2.5 mm. A stress field analysis indicates that the load transfer in the normal
direction from the matrix to the reinforcement has been greatly improved. For example,
the average stress transferred to the reinforcement in the direction along the ribbon
width can be three times higher than that transferred to the same volume fraction of
reinforcement with cylindrical morphology, i.e. fibers (see Section II). The average
stress carried by the matrix is consequently three times less than that carried by the
matrix for a cylindrical reinforcement (see Section IT). The load transfer from the matrix
to the reinforcement now occurs by a shear-lag mechanism (H. L. Cox, Br. J. Appl.
Phys. 3 (1952) 72), i.e. by shear tractions along the ribbon width at the
reinforcement/matrix interface. Therefore, both the laminate Young's modulus and
strength in the direction normal to the fiber axis are expected to increase significantly
above the matrix value.

B. Important Composite Parameters For Optimized Composite Laminate
Transverse Properties Of Invention

The composite parameters which may influence the laminate transverse strength (in case
of a ribbon-like reinforcement morphology) are: Ey (reinforcement Young's modulus),
En (matrix Young's modulus), ratio s/s. (where s is the ribbon transverse aspect ratio
and s, the ribbon transverse critical aspect ratio), 7; (interface shear strength), o,, (matrix
tensile strength) and v¢ (the reinforcement volume fraction). The ribbon laminate normal
strength is given by:

on=Excex (13)
where

Ey =O(Eg.E ,s/s_,v,) (14)

is the ribbon laminate transverse Young's modulus. @ is a function which will be
described below, and
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ey = E(Ey.E,,,8/5,,7,,0,,v,™") (15)

is the ribbon laminate transverse failure strain. = is an undetermined function. v f"""

will be described in section C, paragraph 1.

It can also be shown (L. Monette, M. P. Anderson and G. S. Grest, J. Appl. Phys. 75
(1994) 1155) that the ribbon laminate normal modulus can be related to the average
reinforcement transverse tensile strain:

EN = Vf(ER'Em)(ER)N/ (8a)N + Em (1 6)

With the use of shear lag analysis, it can be demonstrated that the average ribbon
laminate transverse tensile strain (gg)y is related to the ribbon dimensions:

o)
Gy =1 » (17a)

and s. = LJ/t, the critical aspect ratio, with t = ribbon thickness diameter, and L. the
critical ribbon width; L is the ribbon width; and (g,)x is the applied transverse tensile
strain. Equation (17a) implies that when s = s,

Eg)y/(€)y =1/2 (17b)

therefore, one obtains

Ey=Vve(Eg-E )1-s /28)+E_ (18)

Figure 7 is a plot of Ey as a function of s/s. for a fixed ratio Er/E,, = 24 (i.e. a glass
ribbon/epoxy system). Ey tends asymptotically to the rule of mixture value Ery = vi (Ex
- En) + En as the ribbon transverse aspect ratio s — . The rule of mixtures defines the
maximum property level (here Ery) a multi-component structure can possess, based on
the property level of the individual components (Eg, Ey,), averaged on the basis of their
respective volume fraction, or concentration.
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The expression given for the critical metal ribbon transverse aspect ratio
s. in US patent 4,657,049, namely:

s = or/(27;) (19)

suggests that the same composite performance can be achieved by decreasing the
interfacial shear strength by a factor of two, say, and increasing the critical ribbon
transverse aspect ratio by a factor of two simultaneously. This is true for ribbon aspect
ratios less than or of order s., where the transverse composite modulus variation is
approximately linear with the ribbon transverse aspect ratio s, (see fig. 7 such that a
decrease in composite transverse failure strain by roughly a factor of 2 (due to the
decrease in the interfacial shear strength by a factor of 2) can be compensated by a
factor of 2 increase in the composite transverse modulus obtained by increasing the
ribbon transverse aspect ratio s. Therefore, the transverse composite strength given in
eq. (13) remains unchanged. However, in the limit s > s. (which is the meaningful limit
to composite design), this is no longer true. The transverse composite modulus
dependence on ribbon transverse aspect ratio is almost flat in this limit, as can be seen on
fig. 7. Therefore, the increase in transverse modulus can no longer compensate for the
drop in transverse composite failure strain. Hence, the transverse composite strength in
eq. (13) is expected to be less than ideal. This is one of the reasons for the low weeping
resistance of the US patent 4,657,049 invention, as measured by our computer model in
Table 1. The reinforcement tensile strength or as proposed by US patent 4,657,049 is
not a relevant parameter to the design of the ribbon reinforcement transverse aspect
ratio.

The three most important composite parameters for this invention are: 1)
Sc, the transverse ribbon critical aspect ratio

S/Sc = (D(ER, Em, vf) (20)

where @ is a function which depends on the ribbon distribution, and will be further
described in the section 4.3. s is the ribbon transverse aspect ratio, and should be
selected once s. is known, such that the transverse ribbon laminate modulus in eq. (18)
can be optimized, i.e. to be increased as close to ideal limit. Once the parameters Eg,

E., vrand s/s. are set, the important composite parameters to maximize the transverse
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failure strain are obtained from eq. (15), i.e. 2) the interfacial shear strength t; and 3)
matrix tensile strength ,,. Range of values for both will also be given in section 4.3.

C. Selection Guidelines And Range of Values For Ribbon Composite
Parameters Leading to Optimized Transverse Composite Laminate
Properties of Invention

1. Ordered Ribbon Distributions

This distribution is better suited for ribbons whose thickness is of order
0.1mm, and width that can reach several cm. Those ribbons can be directly wound onto

the mandrel (preferable at an angle of 90° with respect to pipe axis so shear stresses are
eliminated), and not increase pipe processing costs (in this case, o, =, =37,).

Firstly, let us show that the tensile weeping strength of a ribbon
composite pipe improves, when the efficiency of load transfer, the interfacial shear
strength and the matrix strength are increased. Let us consider a ribbon-like glass
reinforcement/epoxy system with the following properties:

Reinforcement:

Tensile strength: or = 100 ksi (assuming same strength as convention glass fibers)
Young's modulus: Eg = 10286

Reinforcement failure straineg’ = 3.0%

Volume fraction of reinforcing strips: v = 50%

Ribbon thickness: t=0.1mm

The matrix is an epoxy, typically used for filament wound pipes for petrochemical
applications, with the following properties:

Tensile strength: o, = 13 ksi
Young's modulus: E,, = 428 ksi
Failure strain: €, = 0.03

Interfacial shear strength: 1= 6.4 ksi. The interfacial shear strength for a glass/epoxy
system has been estimated from fragmentation experiments.
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Table 2 shows the tensile weeping strength o and (6, =0, =0, ) ofa

pipe made with glass ribbon laminates , as compared to the tensile weeping strength of
the US patent 4,657,049 pipe (taken from table 1), where the reinforcement lay-up is

kept the same (see fig. 6a and b).

Table 2
Ribbon | Ribbon | Offset Ow En Ow En
Width Aspect | Length f=1- (ksi) (ksi) (ksi) (ksi)
L (mm) | Ratio L, (mm) | L,/L Metal Metal Glass Glass
16 160 4 0.75 15 7714 345 4428
40 400 4 0.90 16 10571 345 5000

Three conclusions can be drawn from table 2:

ii.

iii.

The tensile weeping strength of the present invention is 2.3 times greater than
the tensile weeping strength of the US patent 4,657,049 invention, both
determined by the simulation model. Using eq. (18) and the results for Ey from
table 2, s. ~ 160 for the metal ribbon and s. ~ 40 for the glass ribbon. The load
transfer efficiency is therefore greater for glass than metal ribbons, where the
ribbon aspect ratios selected (i.e. 160 and 400) are only 1 to 2 times greater that
the critical aspect ratio for the metal ribbon reinforcement, while the same ribbon
aspect ratio is 4 to 10 times greater than the critical aspect ratio when the ribbon
is made out of bulk glass . The greater load transfer efficiency, together with
increased interfacial shear strength and matrix strength explains the greater
tensile weeping strength of the current invention, as compared to US patent
4,657,049 invention.

Ribbon aspect ratios 4 to 5 times the critical aspect ratio seem to be optimal, as
the results in table 3 for the glass ribbon reinforcement shows no difference in

the tensile weeping strength between the ribbon with aspect ratio 160 and 400,

The US patent 4,657,049 claim that the metal ribbon pipe has greater stiffness
than the state of the art composite pipes is correct.

We will consider ordered distributions of the following type: Let £ be the

distance separating two axially adjacent ribbons of width L (this distance is unspecified
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in US patent 4,657,049), and L, is the length by which a layer is offset with respect to
the radially adjacent layers. Both £ and L can obey the following relations:

L,
) 0551-—2509 Z<0IL (21a)
2) L=f£+2L, £>0.1L (21b)
and L is the ribbon width.

Figures 8a and 8b illustrates a ribbon composite pipe and wall cross
section which has a ribbon distribution for with £ =1/2 and L, = L/4, while figs. 9a and
9b illustrates a ribbon composite pipe and wall cross section which has a ribbon
distribution with £ < 0.1L (i.e. as small as possible), and L, ~L/2. Note that the lowest
volume fraction v{™" achievable with distribution (21a) (see fig. 8b) or distribution (21b)
(fig. 9b) is

min LO
ve o =(1 —-i—) Ve, (22)

: L '
for L, =L/2, v,;™" =v,/2 (l ——ng should be > 0.5, ideally around 0.75, to

maximize vf'“i" , vfmin = %vf. Ribbon distributions with £ ~0and 0.9 <1-L,/L < 1.0
as proposed in US patent 4,657,049 are rejected because they lead to a high ribbon
transverse critical aspect ratio, i.e. they do not optimize load transfer, especially for
modulus ratios Ex/Er, > 50. For instance, the transverse modulus data (Ey) in table 1
together with eq. (18) yields s. = 160 for £=0.75 and s.~225 for £=0.9. Assuming a
design criterion s ~ 2s. for the ribbon transverse aspect ratio, this means that the ribbon
width to ensure strengthening for overlap L/L, > 0.9 is greater than 45 cm, assuming a
thickness of 0.1 mm.

The following quantifies the dependence of the ribbon critical aspect ratio
on the reinforcement /matrix modulus ratio Ex/E,, and the reinforcement volume
fraction vy, for reinforcement lay-ups as described by eqs. (21a and 21b). The extreme
cases £ =L/2 and £ ~ 0 will be examined explicitly.
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Tables 3, 4 and 5 make use of same matrix/interface parameters as for

table 2.

The data is best fitted by a modification of eq. (18), i.e.

Ey =vi(Eg -E 1-(s, /29" 1+E

with s, = 40 and 1=0.727.

Table 3
Er/En=24
vi=33%
) En
(ksi)
24 1186
50 2028
90 2586
170 3028
340 3243
680 3329

Table 4
Er/E=70
vi=33%
) En
(ksi)
24 1371
50 2986
90 4714
170 6971
340 8285
680 8814

(23)
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By fitting the data of table 4 with the help of eq. (23), we obtain s, = 85 and pu=0.739.

Table 5
Er/E=100
vi=33%
s Ex
(ksi)
24 1386
50 3214
90 5500
170 8986
340 11271
680 12271

By fitting the data of table 5 with the help of eq. (23), we obtain s = 105 and p=0.728.
An average value 1=0.73 is determined from the results.

Therefore, the dependence of the ribbon laminate critical transverse aspect ratio can be

written as:
8c ~ [ER/Em)/ (ER/Em)rcf]v (Sc)ref(vf) (24)
With Ex/En).r = 24 (glass/epoxy is reference system), (Sc)ef(ve=33%)=40and v =

0.69. The dependence of (s.).sr With vt is then evaluated, and the results are shown in
table 6

Table 6
vf Sc
0.33 40
0.67 35
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According to the results shown in table 6, the volume fraction of reinforcement does not
seem to influence the value of the ribbon critical transverse aspect ratio, therefore

(c)ref(Ve) = (Sc)rer = 40.

b. Distance Between Ribbons, £ <0.1L (i.e.£=0.02L)

Tables 7, 8 and 9 make use of same matrix/interface parameters as for table 2.

Table 7
Er/En=24
vi=50%
s En
(ksi)
24 1900
50 3086
90 3814
170 4486
340 4900
680 5128

The data is fitted using eq. (23), with s, = 50 and p=0.937.

Table 8
Er/E=70
vi=50%
) En
(ksi)
24 2343
50 4843
90 7300
170 10400
340 12500
680 13743
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By fitting the data of table 8 with the help of eq. (23), we obtain s, = 95 and pu=0.913.

Table 9

Er/En = 100
ve= 50%
s Ex
(ksi)
24 2428
50 5314
90 8600
170 13371
340 16814
680 18914

By fitting the data of table 9 with the help of eq. (23), we obtain s. = 125 and p=0.880.

An average value n=0.91 is determined from the results.

Therefore, the dependence of the ribbon laminate critical transverse aspect ratio can be

written as:

Sc ~ [(ER/Em)/ (ER/Em)rcf]v (sc)rerl(vf)

(25)

With (Er/Enm)rer = 24 (glass/epoxy is reference system), (sc)rer(Ve= 50%) and v = 0.62.
The dependence of (sc)rr With v is then evaluated, and the results are shown in table 10

Table 10
vf SC
0.33 48
0.50 50-
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According to the results shown in table 10, the volume fraction of reinforcement does
not seem to influence the value of the ribbon critical transverse aspect ratio, therefore

(Sc)re((Vf) = (Sc)rcf = 50.
C. Composite Transverse Laminate Weeping Strength

Once the ribbon transverse aspect ratio is chosen so the transverse
Young's modulus to rule of mixture prediction (Erm = ViEr + (1 — v)Ey) ratio is 50% or
more, the only way to increase the composite transverse laminate weeping strength is
either to increase the interfacial shear strength, or choose a system with a high interfacial
shear strength such as glass/epoxy system. Table 11 shows the composite transverse
Young's modulus Ey, the average transverse tensile strain transferred to the
reinforcement <eg>y normalized to the applied strain (g,)x, the laminate transverse
tensile weeping strength (ow = on = 02) and transverse tensile failure strain ey for a
ribbon lay-up (£ =L/2, L, = L/4 for example) and volume fraction v; = 0.67 (v{"" =
0.33) (see fig. 8a and 8b), with the same reinforcement/matrix/interface parameters used
for table 2:

Table 11

s En <erR>N/E, Cw EN
(ksi) (ksi) (%)

24 2628 0.34 26.5 1.0
50 4371 0.60 394 0.9
90 5243 0.73 50.4 1.0
170 5857 0.85 514 0.9
340 6128 0.87 55.1 0.9
680 6257 0.91 50.1 0.8

Glass ribbons with aspect ratio s > 2s. will impart to the invention an
axial weeping strength superior to the state of the art composite pipes made with
conventional glass fibers. For example, in the above table, a glass ribbon of aspect ratio
90 will result in a pipe with axial weeping strength o, = oy = 0z = 50.4 Ksi. The
invention axial weeping strength is 4.5 times stronger than currently available +55°
filament wound pipes, and 2.4 times stronger than currently available multidirectional
filament wound pipes.
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d. Selection Criteria/Ranges of values

For a given reinforcement to matrix Young's modulus ratio Ex/E,,, the
critical ribbon transverse aspect ratio can be determined by eq. (24) for lay-ups with
0.1L < £ <L/2; and by eq. (25) for lay-ups with £ < 0.1L. Comparing Equation (23)
yields the average tensile strain transferred to the reinforcement, and normalized to the
(ep)y

€)n
ups with 0.1L < £ < L/2; or with pn = 0.91 and s. from eq. (25) for lay-ups with £ < 0.1L.
Note that the lay-up with £ ~ L/2 is expected to yield a slightly greater transverse

applied strain, i.e.

=[1-(s, /2s)"], with = 0.73 and s, from eq. (24) for lay-

laminate tensile weeping strength than any other lay-up £ <L/2. This is because at fixed
volume fraction, the ribbon ends are closer to the strain field of the ribbons in the

adjacent layer, thereby minimizing the stress concentrations at the ribbon tips.

Reinforcement volume fraction should be in the range 0.4 < v;< 0.8,
preferably in the range 0.5 <v¢<0.7.

The average tensile strain transferred to the reinforcement should be at
least greater than 50% of the applied strain with preferred value around 80%. Therefore
this requires a ribbon transverse aspect ratio s > 4.5 s, for lay-ups with 0.02L < ¢ <L/2,
while s > 3s, for lay-ups with £ < 0.02L.

The modulus ratio Er/En, could assume any value, but the higher its
value, the higher is the interfacial shear strength needed to ensure increased laminate
transverse strength. We feel a range 20 < Er/E,, < 100 is reasonable, with the load
transfer efficiency being optimum for Eg/E,, closer to the lower limit of 20.

The interfacial shear strength should ideally have a value of ;= 6 ksi or
higher. An interfacial shear strength less than that will reduce the transverse laminate
tensile strength increase of the invention as compared to state of the art composite pipes.
We do not recommend interfacial shear strengths lower than about 3 ksi, especially for
reinforcements with a high modulus ratio Ex/E,.. For Ex/E., > 50, we recommend an
interfacial shear strength around 6 ksi, or greater.
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The matrix tensile strength should not be below the value for the
interfacial shear strength, i.e. o©n 271

2. Random Ribbon Reinforcement Distribution

Figure 10 illustrate the present invention, a ribbon laminate wound pipe
with winding angle between 0 and 90° with respect to pipe axis. The next layer of
laminate is wound at an angle opposite in magnitude (sign) to the pipe axis in the
preceding layer, although not necessarily the exact opposite degree of winding angle.
On fig. 10a, the winding angle is $90°, as an example. Note that the laminate shear
stress vanishes. Figure 10b is a cross-sectional view of a laminate made of a random
arrangement of ribbon-like reinforcement. This distribution would be appropriate for
ribbon-like reinforcement which is very thin, t < 0.05mm and narrow. The laminate
thickness should not be less than 0.1mm, so the manufacturing costs of the invention do
not increase.

a. Critical Aspect Ratio For Random Ribbon Distribution
In tables 13 to 16, the glass reinforcement and matrix possess the same
tensile strength and Young's modulus and the matrix /interface properties are the same

as used for table 2, with :

Volume fraction of reinforcing strips: ve= 50%
Ribbon thickness: t=0.015mm

Table 13
S En

(ksi)
24 1500
50 2471
90 3214
170 4057
340 4686

Data in table 13 is fitted using eq. (23), with s. =90 and 1 = 1.
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In order to establish a functional relation between s, and the
reinforcement to matrix modulus ratio Er/E,,, and the volume fraction of reinforcement
v§, we have determined the ribbon critical aspect ratio for several modulus ratios and
fixed volume fraction (table 14); as well as for several volume fractions and fixed
modulus ratio (table 15).

Table 14
ve= 50%
Er/E,, S¢
24 90
70 175
100 220

Sc ~ [(ER/Em)(ER/Em)ref]v (Sc)rel(vf)

The results of table 14 can be fitted by the following functional relationship:

(26)

(Er/Em)eer = 24 (glass/epoxy is reference system), and (so)ref(ve = 50%) = 90. Table 15
helps to quantify how the critical ribbon transverse aspect ratio for the reference system
varies with the volume fraction of reinforcement:

Table 15
Ex/Ep = 24
V%) S
40 99
50 90
60 75

(So)eei(Ve) = 150 (-2v¢ + 1.2v¢ + 0.5)

The results of table 15 can be fitted by the following functional relationship:

27)
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b. Transverse Ribbon Laminate Tensile Weeping Strength

Table 16 shows the composite transverse Young's modulus Ey, the
average transverse tensile strain transferred to the reinforcement <eg>y normalized to
the applied strain (€.)x, the laminate transverse tensile weeping strength (o, = oy) and
transverse tensile failure strain ey for glass ribbons distributed randomly (see fig. 10a
and b) and volume fraction v = 0.50. The reinforcement /matrix /interface parameters
are the same as the ones used for table 2.

Table 16

Ribbon aspect En (er)N/(€a)n Ow £n

| ratio(s) (GPa) (MPa) (%)
24 1500 0.22 9.0 0.65

50 2471 0.41 11.7 0.50

90 3214 0.56 14.0 0.50

170 4057 0.74 20.6 0.55

340 4686 0.86 34.0 0.75

Glass ribbons with aspect ratio 4 times or more the critical aspect ratio
will impart to the invention an axial weeping strength superior to the state of the art
composite pipes. For example, in table 16, a glass ribbon of aspect ratio 340, wound at
90° (fig. 10a and b), will result in a pipe with axial weeping strength o, = oy = 34 ksi.
The invention axial weeping strength is 3 times stronger than currently available +55°
filament wound pipes, and 1.6 times stronger than currently available multidirectional
filament wound pipes. If pipe is wound at +55° with glass ribbon of same aspect ratio,
the resulting axial weeping strength o,, = 34/5in255° = 51 ksi (with o, #0y). The
invention axial weeping strength is now 4.6 times stronger than currently available +55°
filament wound pipes, and 2.4 times stronger than currently available multidirectional
filament wound pipes.

C. Selection Criteria/Ranges of Values
The critical ribbon transverse aspect ratio can be determined by eqs (26)

and (27). The ribbon aspect ratio should be at least 4 to 5 times greater than the critical
aspect ratio.
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The modulus ratio Er/E., could assume any value, but the higher its
value, the higher the interfacial shear strength is needed to ensure increased laminate
transverse strength. We feel a range 20 < Eg/E,, < 100 is reasonable, with the load
transfer efficiency being optimum for Eg/E,, closer to the lower limit.

Reinforcement volume fraction should be in the range 0.4 < v¢< 0.8,
preferably in the range 0.5 <v¢<0.7.

The interfacial shear strength should ideally have a value of 1;= 6 ksi or
higher. An interfacial shear strength less than that will reduce the transverse laminate
tensile strength increase of the invention as compared to state of the art composite pipes.
We do not recommend interfacial shear strengths lower than about 2 ksi, especially for
reinforcements with a high modulus ratio Ex/E,,. For Er/E,, > 50, we recommend an

interfacial shear strength around 6 ksi, or greater.

The matrix tensile strength should not be below the value for the
interfacial shear strength, i.e. om 21

V. Example: Projected Performance of Invention

A. Ordered Ribbon Distribution (/~0 and L,=L/5)

New short-term failure envelope is shown on fig. 11a for a pipe
fabricated with ribbon-like glass reinforcement with aspect ratio s=170 and volume
fraction vy = 50%, as compared to current state of the art. In this case, the glass ribbon
have tensile strength og” = 200 ksi, while the matrix and interface properties are the
same as for Table 2. The failure criterion used here is based on the von Mises failure
criterion (D. Hull, “An Introduction to Composite Materials”, Cambridge University
press, (1981) p. 169) which was originally applied to homogeneous and isotropic bodies,
then expanded and modified by Hill to anisotropic bodies, and applied to composite
materials by Tsai:

(0, /16, )V +(c, /0y ) +(t/7") =1 (28)
L L N N
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In this case, or = 100 ksi, ,

O'N‘ ~08 vfm'"oR‘ = 64ksi,and v;"™ =v (1-L_/L)=04. The ribbons are also
wound at 90° (i.e. around the pipe circumference, as displayed in fig. 10), therefore the
shear stress 7=0 and 6 , = o, =6, . The short term pipe axial weeping strength (point
1 on fig. 11a) is increased by a factor of 6. The short term weeping strength for the
downhole tubing application (point 2), as well as for buried pipe application (point 4) are
increased by a factor of 2. Only the short term weeping strength of the surface pipe
application (point 3) remains the same.

More importantly, the long term performance of the invention is expected to be much
better than current composite pipe. In this example, the hoop and axial moduli have
been increased from Eg = 19GPa and E; = Ex = 14GPa to Eq = 37.6 and E, = Ey = 31
GPa respectively. The original service factor of 0.25, i.e. cp(t=20yrs)=0.2504(t< 1 hr) is
expected to increase roughly by Ez (ribbon pipe)/Ez (current pipe) ~ Eq(ribbon
pipe)/Eq(current pipe) ~ 2, i.e. the service factor is 0.5. The long term weeping strength
of current pipe is compared with expected long term weeping strength of the invention
in fig. 11b. The improvement in long term performance of the invention versus state of
the art composite pipe is a factor of 12 in the axial weeping strength (point 1 on fig.
11b); a factor of 4 for both downhole tubing and buried pipe applications (points 2 and 4
on fig. 11b); and a factor of 2 for surface pipe application (point 3) on fig. 11b.

B. Random Ribbon Distribution

New short-term failure envelope is shown on fig. 12a for a pipe fabricated with ribbon-
like glass fibers with aspect ratio s=340 and volume fraction of 50%, as compared to
current state of the art. The fiber, interface and matrix have same mechanical properties
as for section A. In this case, 5,  =100ksi, o, ~34 ksi (see Table 16). The failure

criterion is same as for section A. The short term pipe axial weeping strength

o, =0y =6, (point 1 on fig. 12a) is increased by a factor of 3. The short term
weeping strength for the downhole tubing application (i.e. point 2), as well as for buried
pipe application (point 4) are increased by a factor of 0.33 and 2 respectively. The short
term weeping strength of the surface pipe application (point 3) is decreased by 20%.

The long term weeping strength of current pipe is compared with expected long term
weeping strength of the invention in fig. 12b. The new service factor is calculated as in
section A and is 0.5. The improvement in long term performance of the invention versus
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state of the art composite pipe is a factor of 6 in axial weeping strength; a factor of 2.5
for downhole tubing application (point 2 on fig. 12b); a factor of 4 for buried pipe
application (point 4); and a factor of 1.5 for surface pipe application (point 3)

VI. Glass Ribbon Fabrication

The glass ribbons described in this patent can be fabricated in several ways. One
approach which is used commercially is the utilization of a redraw process, where an
oversize preform with desired section geometry is heated to its softening point and then
pulled, see US patent 3,425,454, Feb. 4, 1969.
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CLAIMS:
1. A reinforced composite tubular body comprising:

(a) a tubular polymeric matrix including a thermosetting polymer
with tensile elongation to break less than 25%;

(b) a glass ribbon reinforcing strip embedded within said tubular
polymeric matrix.

2. The tubular body of claim 1 wherein said reinforcing strip is
helically wound about the longitudinal axis of said tubular body between 0°-90°.

3. The tubular body of claim 2 wherein said reinforcing strip is
wound at an angle of about 90° with respect to the pipe axis.

4. The tubular body of claim 3 wherein said ribbons have width L and

the distance, £, between two axially adjacent ribbons is between 0 and g

5. The tubular body of claim 3 wherein said ribbons have width L and
the length Ly by which a layer is offset with respect to the radially adjacent layer is

between -l-J- and £
10 2.

6. The tubular body of claim 1 wherein said glass ribbon reinforcing

. . .. . S
strip has an aspect ratio s, a critical aspect ratio, s., such that — > 1.

SC

7. The tubular body of claim 1 wherein the transverse Young's
modulus is greater than 50% of the rule of mixture value.

8. The tubular body of claim 1 wherein the interfacial shear strength,
T;, is greater than or equal to 2 ksi.

9. The tubular body of claim 1 wherein the epoxy tensile strength, o, is
equal to or greater than the interfacial shear strength, ;.
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10. The tubular body of claim 6 wherein said glass ribbon reinforcing

. . .. . s
strip has an aspect ratio s, a critical aspect ratio, s, such that — <5,

SC
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