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Abstract
This study has introduced a novel non-annealed stainless steel fiber with 8 µm diameter
to make a steel fiber reinforced polymer composite pipe. The primary objective was to
make the pipes by the filament winding method. The aim was to report on the mechanical
properties, and failure modes of these stainless steel fiber reinforced polymer composite
pipes with a ductile epoxy resin system and to evaluate their performance for potential
applications in the offshore industry.

The mechanical behavior under quasi-static compression was evaluated experimentally in
both axial and radially to the hoop directions, along with the in-plane shear properties.
The in-plane mechanical properties were determined by use of resistance strain gauge
measurements bonded to the axial and hoop directions of the test samples. Also, their
buckling behavior under external pressure was evaluated experimentally to understand
their buckling behavior. Microscopy, burn-off test, and thickness measurements were
performed on the produced test samples to determine the volume fraction of fiber, void
content, and thickness.

Stainless steel fiber reinforced polymer composite cylindrical pipes with ±55° layup, and
different thickness (three and six layers) were successfully made by the filament winding
method. Test results indicate that the steel fiber reinforced polymer composites exhibit
a much higher strain-to-failure than a typical UD carbon fiber composite (almost three
times) combined with a high stiffness (about 80 GPa). Also, the SFRP composites exhibit
similar ductile deformation behavior to that of the dry UD continuous steel fiber, i.e., an
initial elastic response, a definite yield point and consecutive plastic and strain hardening
behavior.

Keywords: Polymer-matrix composites (PMCs), Stainless steel fiber, Filament winding,
Quasi-static compression testing, External pressure testing
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Sammendrag
Hovedm̊alet med denne oppgaven var å undersøke potensialet for en ny fibertype for anven-
delse i vikling av plastkomposittrør. I denne oppgaven er det blitt brukt en-retnings kon-
tinuerlige rustfritt st̊alfiber med en diameter p̊a 8 µm for å utvikle en st̊alfiberarmert plas-
tkomposittrør. Målet var å rapportere om rørenes mekaniske egenskaper og skadeutvikling.
Et annet m̊al var å evaluere ytelsen til rørene for finne potensielle deres potensielle bruk-
somr̊ader i offshore industrien.

Rørene ble testet for ytre trykk, og kvasistatiske kompresjonsbelastningsforhold. De
mekaniske egenskapene ble bestemt ved bruk av strekklapper limt til i den aksiale- og
bøyleretningen av the sylindriske testprøvene. Data i form av spenninger og belastninger
fra disse strekklappene ble registrert underveis av testene og stress- belastningskurver ble
beregnet for å finne de elastiske og styrkeegenskapene til materialet. Mikroskopi, burn-
off test, og tykkelsesmålinger ble gjennomført for å vurdere kvaliteten av de produserte
prøvene for å bestemme volumfraksjon fiber, hulromsinnhold og tykkelse.

Rustfritt st̊alfiberarmert plastkomposittrør med ±55° opplegg, og forskjellig tykkelse (tre
og seks lag) lagd med viklemetoden har blitt vellykket. Testresultatene viser at de
st̊alfiberarmerte plastkomposittrørene har en mye høyere strekkbelastning enn et typisk
UD karbonfiberkompositt (nesten tre ganger) kombinert med en høy stivhet (omtrent
80 GPa). De st̊alfiberarmerte komposittrørene viser lignende duktil oppførsel som for
st̊alfiberen, dvs. først en elastisk reaksjon, etterfulgt av et bestemt flytepunkt og plastisk
oppførsel.

Nøkkelord: Polymerekompositter, Rustfritt st̊alfiber, Vikling, Kvasistatisk kompresjon-
stesting, Eksternt trykktesting
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1 General Introduction 1.1 Problem Statement

1 General Introduction
Traditionally, offshore structures have been fabricated with moderate strength steels with
yield strengths up to 350 MPa. However, there has been a significant growth over the
years in the use of advanced composites in the offshore engineering industry, primarily
driven by a desire to save weight and cost. However, the high cost of carbon fiber has
limited their widespread use in the offshore industry. Especially with today’s ongoing
global oil and economic crisis, the need for newer and cheaper yet reliable materials has
become more vital as cost efficiency has become a major success factor for whether a
company will hold or buckle [2, 3, 4]. Nevertheless, change in the industry is needed, and
this is the perfect opportunity to think creatively and head into a different direction.

Steel itself is not a new reinforcing material and typically used in tires and conveyor
belts in the form of continuous wires to reinforce rubber and in the form of cords and
filaments for reinforcement of concrete. In these applications, steel wires or filaments with
a diameter of about 150 µm or higher are commonly made of high carbon steel that has
a high strength but limited ductility in the as-drawn state. The steel is utilized in these
applications to increase the stiffness and strength of the base material (e.g. steel wires
in rubber or concrete), rather than ductility. Ultra thin unidirectional steel fibers have
for a long time not been industrially attractive to mass manufacture because of extensive
research and development cost. The main challenges of producing thin steel fibers have
been their low fracture strength and strain at fracture, as they were weak and brittle.
However, until recently, a new class of stainless steel fibers of continuous unidirectional
metallic fibers has been developed and become available for use in polymer composites.
They exhibit high temperature and corrosion resistant with excellent thermal and electric
conductivity. These steel fibers combine the flexibility of traditional fibers together with
high stiffness and strength.

Pipes are major components used in the offshore and processing industry, and in the
present work, UD steel fibers with a diameter of 8 µm has been used to make a steel
fiber reinforced polymer composite pipe to investigate if they can be suitable for offshore
applications. The small diameter of these stainless steel fibers is in itself an impressive
technological feat seen in the light that the average diameter of a human hair is about 80
µm. It is important to explore new application areas of these new type of fibers because
they can become useful in the not just for the offshore industry, but for other industries
as well.

1.1 Problem Statement

Many authors have investigated the mechanical behavior of GFRP and CFRP composite
cylinders, but the scientific literature that describes the use of steel fibers as a reinforcing

1



1 General Introduction 1.2 Literature Review

material in polymer composites is very limited. However, the literature on steel fibers
grows fast, which indicates the need for cheaper and tougher materials.

So far, research on unidirectional (UD) continuous stainless steel fibers has not used
steel fiber reinforcement with a diameter less than 30 µm in polymer composites. Also,
the majority of published work on stainless steel fiber polymer composites up to now
have dealt only with UD cross-ply composites, and steel fiber mats, but not for curved
structures such as filament-wound cylindrical composite pipes. A characterization of the
mechanical properties and strength parameters for filament wound component compared
to flat laminated samples is of particular interest in understanding the material’s behavior
when subjected to loading modes such as compressive and external pressure during its
service life.

Currently, stainless steel fibers are not yet commercially used as reinforcement in polymer
composites and is limited to other applications. They are, for instance, employed in
heat-resistant textiles, electrically conductive textiles, gas burner membranes or tubes,
conductive plastics or for EMI-shielding (electromagnetic interference shielding), heating
elements, and electrostatic discharge (ESD) applications [1]. But is it plausible to use
stainless steel fibers to filament wind a cylindrical polymer composite pipe? If so, can
they be utilized for offshore pipes in the future?

1.2 Literature Review

This section includes a literature review on fibers and the current state of research for
stainless steel fibers in polymer composites.

1.2.1 Traditional Fibers and Stainless Steel Fibers

The typical reinforcing fibers such as glass fibers and carbon fibers have a limited strain-
to-failure (only 2%), which can result in sudden material disintegration and collapse and
is very unpredictable. The toughness of polymer composites reinforced with these fibers
is intrinsically limited due to the fibers. Hence, for traditional composites the focus has
rested on enhancing the toughness through the use of ductile matrices and adhesion im-
provements [5]. The composites ductility can be improved give a pseudo-ductile behavior
by choosing a reinforcing fiber with a higher strain-to-failure. Other fibers like polymeric
and natural fibers such as silk can offer higher strain-to-failure (15–30%) but exhibit much
lower stiffness (less than 30 GPa), which limits their use in structural applications. Fibers
which simultaneously combine a high stiffness with a high failure strain are difficult to
find. Table 1.1 shows that a trade-off exists between the stiffness and the failure strain.

Throughout this thesis, the toughness for a single fiber or composite is defined as the
area underneath the stress-strain curve. The toughness represents the energy dissipated
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per volume during deformation and fracture of a single fiber or composite due to matrix
cracks, fiber/matrix interphase debonding or growth of delaminations.

Stainless steel fiber has no equal when both high stiffness and high ductility is the goal.
Steel holds a unique characteristic that its strain-to-failure can be altered by annealing
(heat treatment) them without affecting its stiffness. Annealing can increase their strain-
to-failure by up to 20%, which is 10 times higher than the strain-to-failure of carbon fiber.
The stiffness of stainless steel fiber is around 193 GPa, which is close to the stiffness of
carbon fiber (230 GPa). Thus, a whole range of ductile steel fibers can be created, which
combines both high stiffness (193 GPa) and high strain-to-failure (20%). Due to extensive
research and development cost, steel fibers have for a long time not been industrially
attractive to mass manufacture as the main challenges of producing steel fibers have been
their low fracture strength and strain at fracture, as they were weak and brittle.

Table 1.1: Table representing fiber types with their advantages and disadvantages.

Raw steel is a relatively cheap material (1 $/kg) compared to carbon fibers (10 $/kg).
However, expensive alloying elements must be added to achieve stainless steel, thus bring-
ing the price up to par with carbon fiber. But recently novel processing methods has made
it possible to substitute the more expensive alloying elements with cheaper ones to reduce
cost down to about one-fourth the price of carbon fiber (2.5 $/kg).

The steel fibers used in this thesis have a diameter of 8 µm and consists of non-annealed
316L stainless steel alloy with the composition expressed in mass fraction reported in
Table 1.2. The steel fibers are made by pulling multiple steel wires through drawing dies
typically made of diamond or carbide called a bundled drawing process. Each wire can
be drawn multiple times until it becomes a thin fiber of the desired size. Annealing (heat
treatment) between two drawing steps can make the steel wires easier to pull through the
drawing dies. A higher strain-to-failure can be accomplished by annealing the fibers at
≥ 800°C, but at the expense of lower yield strength. The stainless steel fiber filaments
produced with the bundle drawing process can have a diameter between 5 to 100 µm.
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Table 1.2: Chemical composition (wt%) of the non-annealed steel fibers [1].

Composition The alloying elements provides the following advantages

C ≤ 0.05%
The carbon content is lower than 0.05% to increase the ductility by
reducing martensite transformation.

Mn ≤ 5%
The manganese content is lower than 5% to obtain deformable sul-
fide inclusions.

Si ≤ 2%
The silicon content is lower than 2% to improve cold work hardening
and increased strength.

8 ≤ Ni ≤ 12%
The nickel content is between 8 and 12% to give an austenitic crystal
structure during drawing and after annealing treatments.

15 ≤ Cr ≤ 20%
The chromium content is between 15 to 20% to obtain excellent
corrosion resistance.

Mo ≤ 3%
The molybdenum content is lower than 3% to improve the corrosion
resistance.

Cu ≤ 4%
The copper content is limited to 4% to avoid wire rod rolling diffi-
culties.

N ≤ 0.05% The nitrogen content is limited to 0.05% to avoid brittleness.

S ≤ 0.03%
The sulfur content is lower than 0.03% to avoid brittleness and
fractures.

P ≤ 0.05%
The phosphorus content is limited to 0.05% to avoid wire rod rolling
defects.

The stainless steel wires are enveloped in an envelope material, such as iron or copper, to
separate the individual wires from one another. Once the bundle of enveloped wires, is
drawn to the desired diameter, the envelope material is removed by leaching. The metal
envelope material has a lower chemical resistance and allows the stainless steel fibers to
be freed from the envelope material in a leaching process quite efficiently. Using an alloy
as described in Table 1.2 above makes it possible to draw the wire without fracture.

All the steel wires or filaments are produced simultaneously from a single drawing process
and bundled together to form a tow. The tow is then wound directly into a spool with
the required numbers of filaments. The fibers are commonly packaged in 3 K to 36 K
tows. The term tow is commonly used with fibers and is usually expressed as a count, or
K-number, which represents the number of steel wires or filaments in a steel fiber tow in
thousands.

The fibers sustain considerable damage during processing as they rub against each other
and the equipment. Therefore, a substance called sizing are coated on the fibers to protect
them from wear. The sizing serves as a lubricant and antistatic agent, but also help to
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make it possible to handle the steel fiber without losing its integrity. Furthermore, the
sizing incorporates a coupling agent to promote bonding with the matrix in the composite,
thus allowing for transferring of shear loads from the steel fibers to the matrix material.
Without proper bonding, the fibers can slip in the matrix, causing localized failure. The
sizing also prevents moisture attack and chemical degradation during storage or service
life of the composite.

Figure 1.1: Illustration of the bundle drawing process to produce fine steel fibers [6].

Table 1.3 reports the mechanical properties of a single steel fiber, along with a represen-
tative tensile stress-strain curve shown in Figure 1.2.

Table 1.3: Mechanical properties of the non-annealed stainless steel fibers [1].

Property 8 µm stainless steel fiber

Young’s modulus, E ± 193 GPa
Strength, σUTS 660 ± 4 MPa

Strain-to-failure, εUTS ± 20%
Yield strength (0.2%), σyield ± 365 MPa
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Figure 1.2: Representative engineering stress-strain curve of a single steel fiber found by fiber
tensile testing.

1.2.2 Toughness in Composites

The structural advantages of advanced composites, such as carbon fiber/epoxy compos-
ites, is because of their high stiffness and strength including low weight. Hence, these ma-
terials have found broad applications in the aerospace, maritime, automobile and sports
industries.

In compressive loading, the primary failure mechanisms that could occur is matrix crack-
ing, delamination, fiber/matrix debonding, fiber fracture and kink band formation. The
first three failure mechanisms are dominated by the matrix and the fiber/matrix inter-
phase, while the last two is dominated by the fibers [8, 9].

A composite is composed of reinforcing fiber and matrix from different materials creating
an interface between the two. The properties of these interfaces influence the mechanical
properties of the composite. The definition of an interface in fiber composites is a surface
formed by a common boundary of reinforcing fiber and matrix that is in contact with and
maintains the bond in between for the transfer of loads. It has physical and mechanical
properties that are unique from those of the fiber or the matrix [7].

The fiber/matrix interphase plays a significant role in controlling the mechanical behavior
of composites. The optimal properties of the interphase are dependent on the fiber and
matrix combination and the required mechanical behavior. Typically a compromise is
needed to ensure a combination of a high crack initiation load, a high strength and high
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fracture toughness. If the matrix is more brittle than the fibers, it can strongly influence
the mechanical behavior of composites in the fiber direction. A higher adhesion may
hinder the development of matrix cracks and lead to greater strength and strain-to-failure
of the composite. In the case of a too high adhesion, however, the cracks may result in
localization and magnification of the strain, which is likely to cause earlier failure of the
fibers. Thus, an optimal level of adhesion is sought.

In more traditional composites such as glass, carbon or natural fiber composites, a higher
adhesion can increase crack initiation loads and strength, but can decrease the energy
needed for crack propagation. Damage initiation and propagation in traditional fiber
composites have been studied extensively, but the damage behavior of steel polymer com-
posites is still unknown due to the ductile nature of the stainless steel fibers.

a

b

Figure 1.3: Hypotheses for failure mechanisms in a composite with ductile fibers and a brit-
tle matrix [6]: (a) Hypothesis 1: Local strain magnification, necking of the fiber followed by
debonding. (b) Hypothesis 2: Debonding of the fiber, strain magnification, necking at a local
weak point.
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Callens et al. [8] studied the effects of matrix ductility and proposed two hypothesis for
the failure of a single steel fiber, in the case of brittle and ductile matrix. Figure 1.3a
shows two possible explanations for the failure of a single fiber in a steel fiber composite
with a brittle matrix (i.e. the matrix fails earlier than the fiber). The first hypothesis
is because the interface is sufficiently strong to hinder debonding of the fiber. When a
matrix crack approaches a fiber the externally applied strain is locally magnified resulting
in plastic deformation of the steel fiber. Due to the Poisson contraction and plastic
necking, the fiber debonds from the matrix. Further necking results in failure of the steel
fiber. The second hypothesis (Figure 1.3b) implies that the interface is less strong, and
when a matrix crack reaches a fiber, the fiber locally debonds from the matrix. Upon
further loading, this locally debonded fiber propagate along the fiber/matrix interface,
the area of local strain magnification increases and fiber is allowed to deform plastically.
Then, final failure of the fiber occurs at its weakest point (most likely at a defect).

1.2.3 Previous Studies

Previous research has reported that composites reinforced with steel fibers possess a
high stiffness combined with exceptional ductility and tensile failure strains well beyond
10% [9]. Callens et al. [8] [10] conducted an experiment where they found that the duc-
tility and toughness of the composite were enhanced by choosing fibers that had a higher
strain-to-failure. They incorporated woven quasi-UD steel fibers in an epoxy matrix and
observed that the ductile steel fibers delivered composites with a high stiffness and a high
strain-to-failure ratio up almost 20%, which is much greater than the typical composite.
In another study, Callens [5] investigated the effect of weave architecture on the tensile
and impact behavior of ductile stainless steel fiber/polyamide 6 composites. They tested
and compared composites with three different weave architectures: a quasi-unidirectional
weave, a basket weave, and a satin weave. Callens found that all weave architectures
showed the same composite strain-to-failure. The composite with basket weave had lower
stiffness and yield stress in comparison with the other two composites, which contributed
to significant out-of-plane deformations observed during the tensile test. The impact pen-
etration results showed that the high ductility of stainless steel fiber composites in tensile
tests led into excellent impact performance. In another study [6], he used different silane
coupling agents to modify the adhesion and found that it was possible to improve the
adhesion strength. The higher adhesion increased the strength and strain-to-failure in
tensile tests of UD and cross-ply composites with both brittle and ductile matrices

Allaer et al. [11] made steel fiber composite laminates by Vacuum Assisted Transfer Mold-
ing technique. Their objective was to report on the mechanical properties and failure
modes of these stainless steel fiber composite laminates impregnated with a ductile epoxy
resin system (EPIKOTE™ Resin MGS RIM 135 combined with EPIKURE™ Curing
Agent MGS RIM H 137). They observed that under tension, steel fiber reinforced epoxy
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exhibits similar ductile deformation behavior to that of the dry continuous steel fiber
filaments, i.e., an initial elastic response, a definite yield point and consecutive plastic
and strain hardening behavior up to 19.5% failure strain. They reported a difference in
tensile and compressive behavior of the unidirectional steel fiber composite.

The studies mentioned above have reported on steel reinforcing materials in composites,
using continuous annealed steel wires with diameters ranging from 30 mm to 100 mm,
yielding relatively low fiber volume fractions.

1.3 Layer and Ply Definitions

The notation used to describe laminates in this thesis is based on the hand lay-up process.
The laminate is built starting at the table surface, or bottom of the laminate, stacking
layers on top of each other as the process progresses. Therefore, the laminate is given
as a stacking sequence numbered starting at the bottom, and the angles are given from
the bottom up. For layups using only a single material, and all the layers have the same
thickness the layup is described by the orientation angles [±θ°] forming an angle-ply layup
with one θ oriented ply and one −θ oriented ply or [θ/ − θ]. A subscript n is used to
indicate the number of layers that repeats and will be represented by the notation [±θ°]n
or material used i.e. CFRPn for a carbon laminate with n repeating layers. The same
abbreviations will be used throughout this thesis and are as follows: glass fiber composite
(GFRPn), carbon fiber composite (CFRPn) and steel fiber composite (SFRPn).

Figure 1.4: Laminate is showing mid-plane and definition of the positive orientation angle of
a layer [7].

1.4 Objective and Outline

This thesis shall investigate the potential of a novel fiber type, stainless steel fiber, for
application in filament wound composite pipes. The current study is an extension of
earlier work and shall investigate the mechanical properties of ductile stainless steel fibers
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in polymer composites. Stainless steel fibers are a novel reinforcement fiber for polymer
composites, which combine a high stiffness and a high failure strain. Polymer composites
made with these fibers could thus combine a high stiffness and high toughness, which
is rare for traditional polymer composites. The in-plane mechanical behavior shall be
investigated by quasi-static compression tests in both axial and ring material directions
to understand their mechanical behavior and damage development. Also, the buckling
properties shall be investigated using external pressure test to understand their buckling
behavior. The performance of the produced stainless steel fiber composite samples will
be evaluated to see if it is feasible to use them for offshore applications in the future.

The objectives of this thesis are:

• To filament wind a stainless steel fiber reinforced polymer composite pipe.

• To determine the material properties of stainless steel fiber composite pipes under
compressive loading in axial and ring direction of the material.

• To understand their mechanical behavior (stiffness and damage development).

• To understand their buckling behavior under external pressure loading.

• To compare their mechanical and buckling properties with more traditional rein-
forcing fibers such as carbon fiber.

Following this introduction section is a section which is dedicated to explaining the design
approach, all constituent materials used to produce the samples, and production method.
Section 3 describes the use of simple theoretical micromechanical models to estimate the
stiffness of steel fiber composites. Section 4 presents the experimental method which
has been conducted to understand the mechanical behavior and damage development of
stainless steel fiber composites. Section 5 presents the theoretical and experimental results
and a comparison of the estimated stiffness of steel fiber composites to stiffness among
other structural materials. Section 6 discusses the theoretical and experimental results.
Section 7 presents the conclusions and recommendations for further work.
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2 Composite Production Method
The following sections describe a natural progression of producing the pipes from design
to production phase. The production method was developed regarding simple design,
fast production speed, and the materials available. The design of the pipes was based on
standards and guidelines of ASTM D2996 [12] and DNV [13, 14].

Many preliminary carbon prototype pipes were produced to ensure that the production
method is consistent enough to produce the steel fiber pipes reliably. The principal steps
of making an SFRP composite pipe should practically be analogous to that of the CFRP
pipe so that as little as possible modifications to the filament winding machine is required.
A description of all the data inputs is included so that the pipes can be reproduced without
having to learn everything from scratch.

2.1 Filament Winding

The composite pipes with the epoxy matrix are produced using a filament winding method
by the numerical-controlled winding machine MAW LS20 4/1 at IPM [15]. The machine
has 4 degrees of freedom; mandrel rotation, delivery eye rotation, horizontal carriage
movement along the mandrel and horizontal carriage movement normal to the mandrel.
The machine consists of two units, a filament winding unit and a tensioning unit (METS-
8). The filament winding unit controlled by the software Winding Commander imports
the fiber paths generated by the software Winding Expert. The fiber spools are mounted
in the tensioning unit on creel racks or tape racks and feed the fiber at a preset tension
while the filament winding unit winds it onto the mandrel. The fiber goes through a resin
bath where it gets impregnated before applying it to the mandrel. The wound component
is cured in an electric oven before it is removed from the mandrel.

The filament winding production method is selected because it is a well-known method
to produce cylindrical composite pipes in a semi-continuous process at low cost. The
significant limitations of filament winding are size restrictions, geometric possibilities, the
orientation of the fibers, and the surface finish of the final product. The winding angle is
limited between 10 to 15° for low winding angle and 89° for a high winding angle. Unlike
other methods such as vacuum infusion under pressure, the volume fraction of fiber is
lower for filament wound components.

The winding angle, α, as shown in Figure 2.1 is defined as the angle between the fiber
and an imaginary X-axis going in the axial direction on the outer surface of the filament
wound pipe. Hence, an orientation equal to zero means that the direction is parallel to
the x-axis of the cylindrical pipe.
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Figure 2.1: Illustration of the filament winding method to produce pipes [16].

2.2 Materials

NV Bekaert SV supplied the non-annealed AISI 316L stainless steel continuous fibers
with a filament diameter of 8 µm and an average density of 8.0 g/cm3. These steel fibers
consisted of 12 K untwisted filaments. The UD T700SC carbon fibers with a filament
diameter of 7 µm and an average density of 1.8 g/cm3 were readily available at IPM.
These carbon fibers consisted of 12 K untwisted filaments. The ductile epoxy resin system
EPIKOTETM Resin MGS RIMR 135 (diglycidyl ether of bisphenol A or DGEBA) was
mixed with a liquid diamine hardener, EPIKOTETM Curing Agent MGS RIMH 137. The
mixing ratio of epoxy and hardener were 100:30, respectively [17]. Table 2.1 reports the
mechanical properties of the constituent materials in the composite pipes.

A hollow steel pipe with 2000 mm in length was used to wind the pipes. The mandrel has
an outer diameter of 32 mm that limits the inner diameter Di of the pipes to 32 mm. The
mandrel was readily available in the lab and chosen to save time and avoid the expense
of making a new mandrel. To facilitate extraction of the pipe cut tool bore oil spray from
WÜRTH was used.
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Table 2.1: Mechanical properties of the constituent materials.

Constituent materials
E

(GPa)
ν

(−)
σUTS

(MPa)
εfailure

(%)
δ

(g/cm3)

316L stainless steel fibersb (d = 8 µm) 193 0.30 1700 19.0 8.0
T700SC Carbon fiberc (d = 7 µm) 230 0.30 4900 1.2 1.8
EPIKOTE MGS RIMR 135 epoxy resina 3.2 0.35 65 12 1.2
a Data obtained from technical data sheet [17]. b Annealed 316L stainless steel fibers

data obtained from NV Bekaert SA [1]. c Data obtained from technical data sheet [18].

2.3 Design, Layup and Limitations

2.3.1 Design

As preparation for working on the master’s thesis, a pressure vessel was filament wound
in autumn of 2015 [19]. A preliminary production of a CFRP-pressure vessel with a
[89°

2/± 12.5°/89°
2] layup was filament wound and tested for internal hydrostatic pressure.

The pressure test revealed that the CFRP-pressure vessel was not water-tight, scrapping
the designed solution. The scope of this master’s thesis was revised to winding cylindrical
pipes instead for testing under external pressure, as the primary objective was to make a
filament wound SFRP composite to prove the concept.

From a production viewpoint, winding pipes are much simpler compared to pressure ves-
sels because of the geometry. For pipes, there are no end-domes to take into consideration,
which reduces the time required to setup the machine. For a cylindrical pipe almost any
high-angle winding (between 20 to 90°) can be selected, which is a significant advantage
over pressure vessel.

The limitations of the filament winding machine are the ability to wind long pipe sections
due to the size the machine. Also, there is a limit for low-angle winding because there
is no dome for the fibers to hold on to during transition of helical winding, which causes
the fiber to slip off on the mandrel. A pin-wall clamped around the mandrel at each end
could be used to give the fibers something to hold on during the transition period.

Production rates for filament winding vary widely because the size of the part and the
mandrel type dictate the amount of time needed to setup and remove the part from the
winding machine and mandrel. The fiber feed rate at dictates the production rate if setup
and removal time are not considered. The fiber feed rates vary according to the strength
of the fiber used, typically 10 - 35 m/min.
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2.3.2 Layup

The layup (described by stacking sequence) of the individual layers and ply orientation
angle has significant effects on the overall behavior and strength of the filament-wound
components, and its mechanical properties. Therefore, a long while was spent on selecting
the layup for the pipes.

The [90°/0°/90°]n cross-ply layup and [±55°]n angle-ply layup were chosen for comparison
in this study. The [±55°]n angle-ply layup is an optimized version of the [90°/0°/90°]n
cross-ply layup. The optimum winding angle can be found by netting analysis [20] with a
2:1 hoop-to-longitudinal strength ratio. The primary assumption in the netting analysis
is that all the fibers carry the load neglecting the stiffness of the matrix [21].

The fiber orientation of the [±55°]n layup enables all the fibers to be loaded evenly without
shear. Several experimental tests and FE studies have confirmed that the [±55°]n layup
offers the best resistance to internal pressure but is not optimal for buckling under external
loading, which is the primary load for immersed deep sea structures such as offshore oil
and gas pipe lines [22].

Messager et al. [23] used optimization methods to select the best orientation to avoid
buckling under external pressure. They found that wound pipes including 90° oriented
plies about the tube axis show higher buckling stability than tubes with only ±55° layers
for the same thickness. The fundamental idea for the cross-ply layup, [90°/0°/90°]2,
is that the 90° plies will give additional stability for the 0° and keep them in place
during loading [23]. In reality, the manufacturing of cross-ply layups is not always as
straightforward as the angle-ply layups.

While the [90°/0°/90°]n cross-ply layup is a simple layup for hand-layed laminates, it is
challenging to wind in practice due to the small winding angles causing the fiber slip on
the mandrel. As mentioned earlier, there is a limitation to the winding angle that used to
filament wind the pipes. The lowest winding angle that is possible without fiber slippage
is approximately 12.5°, while the highest winding possible is 89°. The resulting layups is
therefore not a cross-ply [90°/0°/90°]n, but instead a layup that is [89n°/ ± 12.5°

n/89n°],
which is a symmetric quasi-isotropic laminate. The angle deviates about 1% and won’t
have much effect on the overall behavior of the laminate and will be considered to behave
like a cross-ply laminate.

The [±55°]n angle-ply layup has some advantages over the[90°/0°/90°]n cross-ply layup,
due to how the helical and hoop winding works. The angle-ply layup has a shorter
production time and requires less material to cover the mandrel, which is a significant
advantage over the cross-ply layup. Winding with a small angle is avoided to remove any
additional production steps and parts, to reduce costs and production time. Therefore,
the angle-ply [±55°]n layup was chosen over the [90°/0°/90°]n cross-ply layup.
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The ±55° layers will require a transition area as the fibers are wrapped back and forth on
the mandrel. The transition area at the pipe ends will be cut off as waste, and therefore,
it is more beneficial to produce as long pipes as possible to reduce waste material.

2.3.3 Calculation of Fiber Length and Fiber Cross-sectional Area

It was critical to calculate exactly how much steel fiber that was available in the spool
due to a limited supply of steel fiber. The fiber length was calculated by Eq. (2.1) since
the fiber length per unit weight (YIELD [km/g]) is inversely proportional TEX [g/km]

TEX
[
g/km

]
=
πd2

f

4 ρfK (2.1)

Where TEX is the weight per unit length in [g/km], K in thousands, ρf is the density of
fibers in [g/cm3], and df is the diameter of the filaments in microns [µm].

The supplied spool weighed 1 kg with a density of the steel fibers being 8 g/cm3 and the
diameter of the filaments is 8 µm. The fiber length in the fiber spool was calculated to be
approximately 220 m. After calculating the required fiber length for various combinations
of thickness and lengths, a decision was made to wind a three and six layered composite
pipe with a length of 400 mm. The three and six layered pipes would require approxi-
mately 65 m and 130 m of fiber, respectively. In total, the required fiber length to wind
the two pipes is 195 m. Also, considerations for the need for extra fiber length to fasten
the fiber to the mandrel, production errors, and additional fiber length for the tension
system was taken into account. An additional 15 m of fiber length was, therefore, added
to account for any production errors. Which in total requires 210 m of fiber to produce
both pipes leaving only 10 m of fiber left on the spool. In addition to the calculations, the
calculated fiber length was verified by cutting open a dry wound CFRP-prototype pipe
and measuring the length of the fiber that was required to wind the pipes. This process
was done three times to make sure that the numbers added up.

Af [cm2] =
TEX

[
g/km

]
ρf

[
g/cm3

] (2.2)

Winding expert requires information about the cross-sectional area occupied by the fibers
to be able to calculate the necessary number of cycles to cover the entire mandrel. The
cross-sectional area occupied by the fibers when applied to the mandrel was calculated to
be 5 mm using Eq. (2.2).
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2.3.4 Concluding Remarks

Based on the materials available, assessment of design and production limitations the
selected thickness and pipe length for the layup was an antisymmetric angle-ply layup
[±55°]3 and [±55°]6 with a pipe length of 400 mm and an internal diameter of 32 mm. To
save time on making several pipes it was decided to wind two pipes simultaneously on the
same mandrel with different thickness now referred to as Pipe A and Pipe B. Table 2.2
summarizes the design specifications for the pipe. The analysis of winding angles requires
several samples with varying degree to be included and has received much less attention.

Table 2.2: Design specifications for the pipes.

What Value

Winding angle 55°
Layup [±55°]3 , [±55°]6

Internal diameter, Di 32 mm
Pipe length 400 mm

Reinforcement Steel fiber
Carbon fiber

2.4 Method

The method section shall show natural progress of how to make the stainless steel fiber
pipes, though describing only the most relevant and significant production procedures.
The main steps in the producing the pipes are:

1. Preparing the winding machine.

2. Preparing the materials.

3. Winding the pipes.

4. Curing and extracting the pipes.

2.4.1 Winding Machine Programming

The fiber paths were generated according to the layup found in section 2.3 with the
computer software Winding Expert made by Microsam (Appendix A). The software au-
tomatically calculates the fiber path coordinates for the mandrel based on the fiber band
width, winding angle and pattern that was selected.
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Figure 2.2: The picture is showing the virtual mandrel in Winding Expert.

The first step in Winding Expert was to create or import a virtual mandrel to the project;
that represented the real mandrel. In this case, a new virtual mandrel was generated, as
shown in Figure 2.2. Winding Expert only needs the diameter y (in mm) at any given
position x-coordinate to define the whole mandrel. The mandrel definition file created
in Winding Expert for this project is shown in Table 2.3. For a simple cylindrical pipe
geometry, the starting frame (nr. 1) is set to length x = 0 with the diameter y set to 32
mm, and the ending frame (nr. 2) is set to length x = 400 mm with the diameter y set
to 32 mm.

Table 2.3: Key points of the DXF file.

Frame
(nr.)

Length x
(mm)

Diameter, y
(mm)

1 0 32
2 400 32

Figure 2.5 shows the reference system for the winding head and mandrel. For the winding
head reference system is defined by its movement in the horizontal axes Y and Z, including
rotation about an axis X. The mandrel reference system is only defined by the axes x and
y-coordinates since the mandrel is cylindrical and symmetric about its x-axis along the
longitudinal direction.

The second step was to set the winding parameters. A minimal distance Z was set to 35
mm to avoid collision of the winding eye with the mandrel. To wind the two pipes A and
B on the same mandrel the Position length Y was utilized to move the virtual mandrel
(400 mm long and 32 mm in diameter) along the longitudinal axis of the real mandrel.
Since the actual mandrel is 2000 mm long with a 32 mm in diameter, there is a large area
that can be used to move the virtual mandrel along the real mandrel. For Pipe A the
Position length Y was set to 345 mm from the reference point, which becomes its starting
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point A when winding the pipe. Similarly, for Pipe B the Position length Y was set 895
mm from the reference point, which becomes its starting B when winding the pipe.

a

b

Figure 2.3: Winding parameters: (a) Winding parameters for Pipe A. (b) Winding parameters
for Pipe B.

It is recommended to define these parameters first because the segments that are created
later with Winding Expert is based on these parameters. Clicking on the segments and
changing the minimal distance and Y-position after its creation will not change anything.

The third step is to build the layup in Winding Expert. The layup is built up off segments
in the software, where each segment is defined by parameters such as fiber speed, winding
angle, and band width, as shown in Figure 2.4. The winding angle was set to 55°, and the
band width set to 5 mm. The band width was calculated from Eq. (2.2) above. The tran-
sition area was set to 50 mm for helical winding to avoid fiber slippage during production.
Usually, an option for optimizing the pattern (consisting of segments) is available, but
for unknown reasons, the program would freeze when attempting to optimize the pattern.
Therefore, no optimization has been performed on the segments. An optimized pattern
gives more accurate fiber placement during winding, which reduces fiber slippage, but for
a simple pipe geometry, this shouldn’t cause any problems. It was decided to wind only
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one layer at a time to give full control over the process in case any machine errors occur,
which reduces the risk of starting the entire process all over. Therefore, only one segment
is needed to be defined. The winding input for Winding Expert is summarized in Table
2.4.

Figure 2.4: Winding parameters for the segment in Winding Expert.

Winding Expert calculated that it would take 12 cycles (successive returns of the winding
eye starting from the starting point) to cover the entire mandrel surface, forming one layer
consisting of two angled plies of +55° and −55°. A test run was performed without any
fiber before wet winding to ensure that the machine was correctly set up. The dry winding
process is the same as wet winding without applying any resin to the reinforcement during
winding. The dry winding verified the calculated required fiber length for winding, which
was in good agreement with the calculated length found by Eq. (2.1).

Lastly, the segments in the project file are then imported into the program Winding
Commander 8.0 where it is loaded and made ready for winding.

Comments
Many hours was spent on properly setting up the winding machine so that it would wind
the helical layers correctly. During winding, there were periods where the machine would
stop for unknown reasons and troubleshooting was time-consuming. For future winding,
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a list of errors and how to troubleshoot them was made. The list saved a lot of time
and was very helpful when the errors occurred. The troubleshooting list can be found
in Appendix A.

Table 2.4: Summary of Winding Expert parameters.

What Value

Winding angle 55°
Y-position (Pipe A) 345 (mm)
Y-position (Pipe B) 895 (mm)
Minimal distance, Z 35 (mm)

Fiber speed 35 (m/min)
Coverage 104.05 (%)

Cycles 12
Band width 5 (mm)

Pattern 1/1
Fiber tension 80* (N)

*The winding tension had to be lowered to 35 N during winding of the SFRP composite
due to fiber breakage.
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Figure 2.5: A picture illustrating the mandrel together with minimal distance, position length and, starting points A and B.
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2.4.2 Fiber Spool and Tension System

Figure 2.6 shows the fiber spool mounted properly onto the creel rack inside the METS-8
tensioning unit and no modifications to the tensioning unit were required.

Figure 2.6: Steel fiber bobbin fitted into the METS-8 tension system.

Before pulling the fiber through the different rollers, as shown in Fig 2.11, the insert fiber
button was activated. The fiber was fed through the resin carriage and winding head
before tieing the fiber to the delivery eye, illustrated in Figure 2.8.

Figure 2.7: Picture showing the tensioning device with the fiber pulled
through it.
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The winding tension is set to 80 N to maximize the compression of the plies to remove
entrapped air bubbles and excess resin when winding. The tensioning motors must be
enabled, and the insert fiber button deactivated before the tension system can operate.
Pulling lightly on the fiber will activate the tensioning device shown in Figure 2.7.

2.4.3 Mandrel Preparation and Resin Mixing

The mandrel is thoroughly cleaned with acetone to remove dirt and particles on the
mandrel surface. To facilitate extraction of the mandrel from the wound pipes, a layer of
cut tool bore grease spray from WÜRTH was applied to mandrel before covering it with
plastic wrapping, as shown in Figure 2.10.

The epoxy resin was slowly and thoroughly mixed for three minutes before pouring it
into the resin bath, shown in Figure 2.9. The hardener has a dye added to aid in seeing
how well the material is mixed. The resin may not cure properly if the resin system
is not fully mixed. Because the heat flow from the mixing container is very low, small
quantities of resin were mixed at a time to avoid heat build-up from the exothermic
reaction. The exothermic reaction can result in temperatures of more than 200°C in the
mixing container, which may cause smoke-intensive burning of the resin mass[17].

Figure 2.8: Steel fiber tied to the delivery by a simple double knot.
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Figure 2.9: A picture of the resin carriage with fiber fed through it.

Figure 2.10: The machine correctly set-up and ready to wind the pipes.
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Figure 2.11: The picture illustrates how the fiber passes through the system.
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2.4.4 Winding Procedure

Next, the segments were loaded into Winding Commander ready for winding. Pipe A or
the three layered carbon fiber (CFRP3) pipe was wound first, and as such the winding
head was moved to its starting position A, by pushing the start button once. Fiber tension
was deactivated, and the fiber fastened to the mandrel by a piece of tape, before activating
the tension system again. The winding process was then launched by pushing the start
button once more. Figure 2.12 shows the steel fiber pipes being wound onto the mandrel.
Figure 2.12a shows the first cycle for layer number one being wound and Figure 2.12b
shows the mandrel after 8 completed cycles.

a b

Figure 2.12: The picture illustrating the winding progress: (a) The first winding cycle. (b)
Winding after 8 completed cycles.

During winding the winding head moves back and forth completing the number of cycles
that is required for the layer. The override speed can be varied between 0 and 200% to
speed up or down the process when needed. An override speed of 25% was used

a b

Figure 2.13: The picture shows both Pipe A and Pipe B being wound on the mandrel: (a)
Pipe A just before completion. (b) Pipe B after 2 completed layers.

for the first two cycles and then accelerated up to 50% when the process was sufficiently

26



2 Composite Production Method 2.4 Method

under control. The machine automatically moved back to the starting position; once all
the cycles were completed for the layer. Pushing the start button once more continues
the process all over. The process was repeated layer by layer until the pipe consisted of
three layers. In between completing the layers, the tension was activated at all times to
prevent the fiber from splitting and to ensure that the fiber would not be dragged out of
its position when the machine switches to the starting point of the new layer.

Figure 2.13a shows the Pipe A just before its was complete. After finishing Pipe A,
the fiber was cut and tied to the delivery eye, before moving the winding head to its
new starting position B. The second Pipe B has the same method used to wind Pipe A.
Except for this pipe, the number of layers is six. Figure 2.13b shows the Pipe B after 2
completed layers. Each cycle took approximately 13 seconds to wind, which gives a total
of 1 minute and 30 seconds for each layer to wind. The total time to wind [±55°]3 and
[±55°]6 took approximately 5 and 10 minutes, respectively. When the preceding helical
layers are wound over the previous layer, a wake of resin is formed in front of the fiber. A
paintbrush was used during winding to remove excess resin. After completing both Pipe
A and Pipe B, the pipes were pre-cured by continuously rotating them for 24 hours (at
room temperature) before the mandrel was transferred to an electric oven for curing. This
last step is important to maintain uniformity of resin content around the circumference
of the pipe.

Figure 2.14: The broken fiber splits up and tangles around Roller A in the resin carriage.
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Figure 2.15: Comparison of steel fiber and carbon fiber. The picture shows that the steel fiber
loses its shape when there is no tension. The carbon fiber is shown for reference.

The winding procedure for the SFRP pipe was identical to the CFRP pipe. With the
exception that the fiber broke on two occasions when winding the first Pipe A. The
winding process was continued and monitored until it was observed that Roller A in the
resin carriage had sharp uncured resin on its surface.

The sharp uncured resin cut through the individual fibers and caused it to splinter up.
As the fiber was pulled with high winding tension the over Roller A, it started to tangle
up and coil around Roller A, until in the end causing the fiber to break, as shown in
Figure 2.14. Therefore, the winding tension was reduced to 35 N instead and Roller A in
the resin carriage was removed. Removing Roller A had no practical implications on the
winding process and no fiber breakage occurred after that. The rest of the layers of Pipe
A and Pipe B were wound in a straight forward process with a tension of 35 N and an
override speed of 25%.

Figure 2.16: The picture shows that the broken fiber splits and tangles very easily.
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Figure 2.17: Picture show the square knot used to splice the fibers. The carbon fiber is shown
for reference.

Figure 2.15 shows that without tension on, the steel fiber splits easily. When the fiber
broke during winding, the fiber lost tension and started to split up, as shown in Figure 2.16.
The challenge was to bundle split fibers nicely together again, but about 3 meters of the
tangled steel fiber had to be cut because of this. Despite this, splicing two broken fiber
ends together again were no problem. Just a simple square knot, as shown in Figure 2.17,
was used to splice the fibers together, and the winding procedure could be continued.
Figure 2.18 shows a close up picture of the double knot.

Figure 2.18: A close up picture showing the square knot used to splice the fibers. The carbon
fiber is shown for reference.
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2.4.5 Curing and Pipe Extraction

The wound pipes were pre-cured by rotating them in the filament winding machine in
manual mode for 24 hours to prevent resin migration, as shown in Figure 2.19. After
pre-curing, the pipes were then transferred to an electrical oven shown in Figure 2.20
and post-cured without pressure at 80°C for 15 hours. The pipes are rotated during
the curing process to ensure that uniform heat distribution on the pipes. Typical curing
processes recommend 15 hours at 50°C, 8 to 10 hours at 60°C or 6 to 8 hours at 80°C. The
temperature and time for the curing process depend on the size of the component. But
a curing temperature at 80° C for 15 hours was selected to ensure proper curing before
extracting the pipes.

Figure 2.19: Mandrel rotating in winding machine for 24 hours to prevent resin migration
after winding procedure is finished.

The mandrel was removed from the pipes, by connecting a lever chain hoist to a nut welded
inside the mandrel ends, shown in Figure 2.21. By pulling the lever chain hoist, the pipe
is extracted from the mandrel, thus freeing it to wind another pipe. The extraction
arrangement is shown in Fig 2.22. Figure 2.23 shows that there were not enough grease
on the surface to allow the pipes to slip off easily causing the mandrel to bend. Figure 2.24
shows the pipes extracted from the mandrel. Since the mandrel and pipe are under high
tension when extracting them; A glass shielding was used as a safety precaution just in
case the connection between the lever chain hoist and mandrel snapped.
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Figure 2.20: The SFRP3 and SFRP6 pipe in the electrical oven just
before post-curing.

Figure 2.21: A picture showing the connection point for the lever chain hoist to the mandrel.
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Figure 2.22: The picture shows the arrangement used to extract the pipes.
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Figure 2.23: The picture shows that too much friction caused the steel mandrel to bend during
extraction. The yellow line indicates the mandrel shape before extraction.
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Figure 2.24: The picture shows the extracted pipes.
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3 Theoretical Method
This section describes the theoretical models used to determine the composite properties
and critical buckling pressures of cylindrical pipes under external pressure.

3.1 Determination of Composite Properties

Laminate theory together with various analytical micromechanical models has been used
to calculate the composite elastic properties. These models are based on the elastic
properties of the constituent materials and the morphology of the composite, such as
fiber volume fraction. Vedvik [7] gives the full explanation of the laminate theory and
micromechanical models in his textbook. Using simple rules of mixture (ROM) formula
the elastic properties of the unidirectional lamina were calculated using the set of Eqs. (3.1)
– (3.6). The expressions for the longitudinal modulus and Poisson’s ratio reduce to the
same form as the rule of mixture equations. Indices f and m are referring to fiber and
matrix, respectively.

The stiffness in the longitudinal direction E1 of the composite was determined using the
following equation:

E1 = E1fVf + Em(1 − Vf ) (3.1)

where E1f and Em are the stiffness of fiber along its length and the matrix (Table 2.1).
Vf is volume fraction of fiber.

The stiffness in the transverse direction E2 of the composite is estimated using the inverse
ROM formula by the following equation:

1
E2

= Vf
E1f

+ (1 − Vf )
Em

(3.2)

The transverse modulus, E2, is a matrix-dominated property since the fibers do not
contribute to the stiffness in the transverse direction (unless Vf is very high).

The density of the composite was calculated as follows:

δcomposite = δfVf + δm(1 − Vf ) (3.3)

where δf and δm are the density of the fiber and matrix (Table 2.1).

The in-plane Poisson’s ratio in the 12 directions of the composite ν12 can be found by the
following:

ν12 = νfVf + νm(1 − Vf ) (3.4)

where νf and νm are the Poisson’s ratio fo the fiber and matrix (Table 2.1).
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Assuming that the matrix and fibers are isotropic, the shear modulus Gf and Gm of the
fiber and matrix was then found by the following:

Gm = E1

2(1 + νm) Gf = E1

2(1 + νf )
(3.5)

where Gm and Gf are the shear modulus of the fiber and matrix (Table 2.1).

The in-plane shear modulus in the 12 directions of the composite G12 was found by the
following:

1
G12

= Vf
Gf

+ (1 − Vf )
Gm

(3.6)

where G12 is the in-plane shear modulus in 12 direction (Table 2.1).

3.2 Determining Critical Buckling Pressure of Cylindrical Pipes

Under uniform external pressure, a cylinder pipe can fail by non-symmetric bifurcation
buckling or shell buckling at a much smaller pressure than that required to cause axisym-
metric yield or material failure [24]. A long thin circular cylindrical pipe will fail in a
flattening or ovalling mode, but the shorter circular cylindrical pipe will fail by bifurcation
buckling or shell buckling.

The critical buckling pressure (Pcr) for elastic buckling of infinitely long thin-walled cir-
cular cylinders was calculated with the formula proposed by Bryan [25]. For shorter
cylinders, this formula is replaced by the von Mises formula, which has simply supported
ends [26]. The von Mises formula states that the buckling pressure varies with a given
number of circumferential lobes or waves, namely ”n” as shown below:

Pcr =
{

E(t/a)
[n2 − 1 + 0.5(πa/L)2]

}
×{

1
[n2(L/πa)2 + 1]2 + t2

12a2(1 − ν2)
[
n2 − 1 + (πa/L)2

]2
}
, (3.7)

where L is the unsupported length of the cylinder, a is the mean radius of circular cylin-
drical shell, E the Young’s modulus, t the material thickness and ν the Poisson’s ratio.
The number of lobes has to be changed until the lowest buckling pressure, Pcr, is found.

Windenburg and Trilling simplified this formula in a way that the critical buckling pres-
sure is given by a single calculation known as the David Taylor Model Basin (DTMB)
formula [27], as follows:
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Pcr = 2.42E(t/2a) 5
2

(1 − ν2)0.75[(L/2a) − 0.45(t/2a) 1
2 ]

(3.8)

With this simplified formula, it was possible to predict the critical buckling pressure
without the need for determining the respective number of lobes, corresponding to the
mode with the lowest buckling pressure.
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4 Experimental Method

The primary aim of the experimental investigation was to determine the compressive
properties and buckling properties of the produced samples to evaluate the performance
of the SFRP composite. The analysis of the produced SFRP samples performance started
its investigation by first looking into the physical properties (thickness, fiber volume
fraction, weight and void content). The quality of the produced samples was investigated
using optical microscopy to check the for presence of voids or defects. Additionally, the
fiber volume fraction was measured using a matrix burn-off test to compare with the
calculation based on image analysis of the composite cross-section, to analyze local fiber
volume fractions.

After the quality check, the investigation was carried on to study the mechanical proper-
ties (buckling strength, compressive strength, elastic modulus and Poisson’s ratio). The
compressive properties of steel fiber composites were found using quasi-static compres-
sion testing (loaded in axial and radially to the hoop direction), followed by an external
pressure test to observe the buckling behavior. The samples used for testing were made
by filament winding method with different thickness (thick and thin-walled), as described
in section 2.

The composite pipes investigated are intended for marine applications and can suffer
catastrophic collapse under external pressure in the deep sea. Their principal function is
to resist hydrostatic pressure during immersion in the deep sea. Tests have been performed
at IPM using an autoclave pressure chamber to simulate the external pressure. The
autoclave has a maximum pressure capacity of 50 MPa, corresponding to roughly 5000 m
below sea level.

4.1 Sample Preparation and Instrumentation

Figure 2.24 shows the finished pipes after extraction, which consists of composite pipes
made of CFRP3, CFRP6, SFRP3, and SFRP6. Approximately 50 mm of the produced
pipes were cut off at each end to remove the transition area necessary for helical winding.
The pipes were then cut into the required dimensions for the external pressure test and
compression test, see Figure 4.1a and Figure 4.1b, respectively. Their main dimensions
are given in Table 4.1. The unsupported length was the actual length L0 of the specimen
minus the depths of the shoulders of the end caps. The samples were cut using a water-
cooled diamond saw to avoid melting of the matrix during cutting. Due to the ductile
fibers, the sample edges of all samples were thoroughly sanded to remove any unwanted
damage introduced during the cutting procedure.
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Table 4.1: Dimensions of the samples for testing. Nominal specimen dimensions, in mm.

Sample
Overall

length, L0

Unsupported
length, L

Diameter,
D

Thickness,
t

D/t ratio

External pressure
CFRP3 203.3 193.3 36.4 2.20 16.5
CFRP6 199.7 189.7 40.4 4.20 9.6
SFRP3 201.2 191.2 36.8 2.39 15.4
SFRP6 198.1 188.1 40.9 4.46 9.2

Axial compression
CFRP3 39.8 - 36.5 2.25 16.2
CFRP6 41.2 - 40.7 4.36 9.3
SFRP3 40.4 - 37.0 2.50 14.8
SFRP6 43.6 - 41.3 4.67 8.8

Hoop compression
CFRP3 13.6 - 36.4 2.18 16.7
CFRP6 14.2 - 40.4 4.20 9.6
SFRP3 14.4 - 36.8 2.41 15.3
SFRP6 13.9 - 41.3 4.65 8.9

The wall thickness and diameter of the samples were measured at several points around
the circumference (angle increments of 10°) using a micrometer. The measured wall
thickness of the samples is shown in Table 4.1. In this case, the three layered pipes is
a thin-walled pipe because the diameter to thickness ratio is bigger than 10 (D

t
≥ 10),

and the six-layered pipes is a thick-walled pipe because the diameter to thickness ratio is
smaller than 10 (D

t
≤ 10).

After cutting and measuring the composite pipes, a quality control, and microstructural
analysis were performed on the test samples. Optical microscopy is used to analyze the
volume fraction of fiber and the presence of voids or defects for all produced samples.
The volume fraction of fiber for the samples was calculated based on microscopy of the
composite cross section and image analysis (section 4.2.1). Additionally, a matrix burn-
off test in a muffle furnace (section 4.2.2) based on ASTM D3171 [28] was performed, to
compare to the volume fraction of fiber found by image analysis. The void fraction of the
produced specimens was measured based on ASTM D2734 standard [29].
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a

b

Figure 4.1: Specimens for testing: (a) Samples for the external pressure test. (b) Axial
compression samples to the left and hoop compression specimens to the right.
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For the compression test specimens, the samples were instrumented with strain gauges
on the sample surface to monitor the axial and hoop strain during the compression test.
The strain gauge rosette with a vertical and horizontal grid is aligned in axial and hoop
direction of the sample. The strain gauges are bonded to the specimen surface by a
cyanoacrylate adhesive at 55° angle to principal material direction. The strain gauges
connect to a data logger in a half bridge configuration. Proper surface preparations are
important to ensure sufficient bonding of strain gauges to the specimen surface. The
sample surface is therefore lightly sanded to give a rough surface for better bonding of
strain gauges. In the case of debonding the strain gauge will give zero measurements.

The samples for the external pressure test required specially designed end caps to prevent
premature damage to the pipe ends due to high-stress concentrations, and to seal the two
ends of each specimen under external pressure. These end caps were machined out of mild
steel according to the schematics given in Fig 4.2, and designed for push fit connections
into the cylindrical pipe ends. For the external pressure test, it was not possible to
measure strains with strain gauges due to the pressure rating of the electrical passage
through the autoclave would be too high and cause a leakage.

Figure 4.2: Schematics of end caps.

The steel rod was readily available in the lab and therefore chosen to save time and money
on new material. Fig 4.3 shows the finished end caps. The end caps edges were rounded
off at the edges to prevent them from damaging the pipe ends when inserting them. A
watertight sealing was achieved by adding a layer of vacuum bag sealant tape between the
pipe ends and end caps before assembling the test specimen. Fig 4.4 shows the assembled
sample with the end caps fitted to together with vacuum bag sealant tape.
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Figure 4.3: End-caps as produced for testing.

Figure 4.4: Assembled samples ready for buckling test with the end caps fitted into it with
vacuum bag sealant tape.
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4.2 Quality Control of the Produced Samples

4.2.1 Microscopy

The layer composition was photographed using a microscope, with magnified pictures of
the polished surface perpendicular to the rotational axis of each sample. For microstruc-
ture characterization, an image analysis program was used to determine the global and
local volume fractions of fiber. The program accurately identifies the edges of the steel
fibers using the gray scale histogram and then converts the image to a black and white
image to accurately determine the average fiber volume fraction.

Images were recorded by the Leica MeF4 microscope [30] and then analyzed with image
analysis application iSolution [31]. The specimens are sanded with P120, P800, P2400
and P4000 SiC grit paper using standard metallographic procedures before microscopy.
The test samples were not cast in epoxy as they would be tested in compression later.
Ethanol was used to clean the specimen surface instead of water to avoid evaporation
marks on the surface to be analyzed. The specimens are cross-sectioned perpendicular to
the pipe longitudinal axis. The cross-section is viewed at an appropriate magnification
(typically 50-200X). The red lines on the microscopy pictures indicate where the borders
between the plies were considered to be, and these lines were in turn used to determine
the relative thickness of each ply. The absolute thickness of each ply is found by scaling
the relative thickness with the thickness of the pipe as reported in Table 5.1.

The volume fraction of fiber of these smaller regions can be used to analyze the distribution
of the fiber volume fraction and to calculate an average value for the entire image. At
least three different images of various cross-sections were used for each sample to calculate
an overall average distribution and overall average volume fraction of fiber.

4.2.2 Burn-off Test

The burn-off test is used to find the volume fraction of fiber and void fraction of the
composite samples produced. The burn-off test was carried out by heating small samples
of the pipe put in a ceramic cup at 500°C for 300 minutes in a muffle furnace. The high
temperature burns the resin away leaving the fiber bed behind. The burn off temper-
ature should be below the temperature at which samples will spontaneously ignite and
the maximum time for burn-off should be six hours. The matrix is considered combusted
if no matrix/reinforcement block exists. The only visible items should be ash and rein-
forcement. The average fiber volume fraction for each produced pipe can be calculated
by knowing the weight of each section before and after the burnout procedure, and the
densities of the constituents. Table 5.1 shows the fiber volume fraction obtained from the
burn-off test.
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The volume fraction of fiber can be determined by using Eq. (4.1) and Eq. (4.2) [7]:

Vf =
Wf

ρf

Wc

ρc

(4.1)

Wf = mf

mc

× 100 (4.2)

where, Wf is the fiber weight fraction, mf is the mass of fibers, mc is the mass of composite,
ρf is the fiber density, Wc is the composite weight, and ρc is the composite density, and
Vf is the fiber volume fraction. Potential sources of errors in the measure measurements
of the volume fraction are the void fraction. The loss of fiber during burn-off test and
accumulation of error from the density measurements.

The void fraction was found by Eq. (4.3):

Vv = ρct − ρce
ρct

× 100 (4.3)

where, Vv is the void fraction, ρct is the theoretical density of composite, ρce is the experi-
mental density of composite. The theoretical and experimental densities of the composites
with the corresponding void fraction are presented in Table 5.2.

Figure 4.5: Samples in muffle oven ready for burn-off test.
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4.3 In-plane Compression Test

Two types of compression tests were performed to determine the Young’s moduli in the
axial and hoop direction. A uniaxial loading was carried out to obtain the Young’s
modulus in the axial direction, as shown in Figure 4.6a, and then a hoop (O-ring shaped)
sample was loaded radially to determine the Young’s modulus in the hoop direction, as
shown in Figure 4.6b. The compression tests are performed at room temperature on an
Instron 4505 machine based on ASTM E2954 [32]. In-plane shear properties could also
be determined using the specimens under uniaxial loading. The in-plane shear stress in
the material coordinate system was directly calculated from the applied axial load. The
related shear strain was deduced from the axial and hoop normal strain data measured
by the strain gauges.

In the test set-up shown in Figure 4.6a and Figure 4.6b the compressive load is applied to
the test samples through flat steel end plates. Due to the high compression loads exerted
on the test specimens, this configuration requires that the samples are properly aligned
with the plates to avoid crushing of the material, or uneven loading may cause the sample
to shoot out in any direction.

The quasi-static compression tests were displacement-controlled with a crosshead speed of
3 mm/min. The load and displacement were recorded using a 100 kN load cell, the data are
given by the Spider 8 digital controller, were sampled on the same time basis. Data signals
from the strain gauge measurements were acquired synchronously with force–displacement
data throughout the test using catman AP data acquisition software. The specimens were
tested to destruction and a sudden drop of the applied load indicated failure. The yield
stress was calculated based on the composite stiffness and a specified offset of 0.2%. In the
case of a progressively failing sample in compression, the strain-to-failure is determined
as the strain at which the stress drops below 50 MPa.

4.4 Fiber Tensile Test

A quasi-static tensile test of a single fiber was carried out on the rest of the fiber from the
pipe production to find the tensile properties. The fibers were just clamped in the load
cell and loaded until failure of the steel fiber. The mechanical properties and composition
of a single steel fiber are reported in Table 1.2 and Table 1.3, respectively, along with a
representative tensile stress-strain curve (Figure 1.2). Failure strain of a single fiber was
measured without an extensometer or strain gauges and hence is only an indicative value.
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a

b

Figure 4.6: Experimental set-up for compression test: (a) Compressive loading in the axial
direction of the composite sample. (b) Compressive radial loading in hoop direction of the
composite sample.
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4.5 External Pressure Test

The external pressure test procedure was performed based on ASTM D2924 [33]. The
experimental set-up for the external pressure test is as shown in Figure 4.7.

Figure 4.7: Experimental set-up for the external pressure test and pipe just before introduction
into the chamber for the test.

The external pressure is created in a high-pressure autoclave chamber from BDG with a
nominal internal diameter of 200 mm, depth of 800 mm, and volume of 24 liters. The
autoclave can handle a temperature range of -10 to +70 and a maximum allowable pressure
of 50 MPa, which equals to a depth of roughly 5000 m below sea level. A mixture of regular
water and cooling fluid was used to fill the autoclave chamber. An air powered compressor
that could exert a maximum pressure of 100 MPa was used to pressurize the autoclave.
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The ambient temperature during testing was approximate 21°C and a glass shielding was
placed next to the autoclave to provide containment in the event of a rupture.

As the powered compressor was hand operated, any line losses were negligible. An LEO
3 manometer from Keller AG was used to log the applied pressure, ambient pressure,
ambient temperature, and time throughout testing. The manometer has a laptop con-
nected via a USB interface with the software Control Center Series 30 (CCS 30) supplied
by Keller AG. The pressure tank was capable of sustaining a pressure of 50 MPa, which
equals to a depth of roughly 5000 m below sea level. The ambient temperature during
testing was approximate 21°C and a glass shielding was placed next to the autoclave to
provide containment in the event of a rupture.

Figure 4.8: The test sample is resting at the bottom of the pressure chamber.

A thorough inspection of the samples for damages and cracks were performed before plac-
ing them in the autoclave. Figure 4.7 shows the SFRP6 sample just before introduction
into the chamber of the external pressure test. The sample rests on the bottom of the
pressure tank, as shown in Figure 4.8 and the ends of the sample are free to rotate during
the collapse of each specimen. The tank lid was lowered down by a crane and fitted to
secure the lid tightly. Any trapped air inside the tank was expelled by loosening the bleed
valve at the top of the tank. The bleed valve was shut after the trapped air was expelled,
to make the system pressure-tight. The pressure in the tank was increased via a hydraulic
pump in small increments until failure. The pressure gauge (LEO3) was carefully moni-
tored until failure occurred. The test would be stopped if at all during testing a sudden
loss of pressure was evident. The buckling pressure was recorded, and the pressure drop
noted, as well. The hydraulic pressure was released, and then the tank lid was removed
to retrieve and examine the tested specimens. A thorough inspection for any deformation
or nonconformance due the applied pressure was performed after the test was completed.
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5 Results
This section presents all the results related to the study regarding composite production,
theoretical modeling, and experimental testing. Samples of conventional carbon fiber
polymer composites were also produced to compare the performance of the stainless steel
fiber composites.

5.1 Quality Control of Produced Samples

The volume fraction of the produced samples was found by microscopy analysis and burn-
off testing. The fiber volume fraction based on the burn-off test will be used in the rest of
this thesis to get a more conservative estimation since the volume fraction of fiber has the
biggest impact on the materials overall mechanical behavior. Assuming densities of 8.0
g/cm3 for the steel fiber, and 1.8 g/cm3 for the carbon fiber, and 1.2 g/cm3 the matrix.
Table 5.1 shows the volume fraction of fiber obtained from the microscopy and burn-off
method.

Figure 5.1: A microscopy image of the composite cross-section at 1000X showing good im-
pregnation of closely packed fiber bundles in the ±55° layers. The picture also illustrates the
irregular cross-section of the fibers due to the bundle drawing.

In parallel to determining the volume fraction of the composite, an investigation on the
local volume fraction and thickness of the individual plies was carried out by counting
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fibers within control areas on the microscopy pictures. The average volume fraction of
fiber measured inside the plies, using the same image analysis method, ranges between
60% and 70%. As shown in Figure 5.1, the fibers have irregular hexagonal cross-sections
due to the winding angle of ±55° combined with the bundle drawing process. Inside
the layers, it could be observed that the fibers are closely packed and well impregnated,
but some signs of voids and cracks. The volume fraction of fiber in the individual plies
of the SFRP composite pipes was so even that any variation was within the standard
deviation. No further investigation of the plies’ volume fraction of fiber was carried
out. Only microscopy pictures of the SFRP pipes is included in the appendix. Also,
the microscopy images indicate that there were little variations in ply thickness, and an
average ply thickness is therefore given in Table 5.1.

Analysis of the cross-sections of the sample axis has shown that these microcracks are
present through the thickness of the composite. Figure 5.1 indicates that the microstruc-
tures in some areas of the SFRP composites have a good resin impregnation of the fibers
and little voids can be observed. However, Figure 5.2a and Figure 5.2b shows one of the
many microcracks and voids that could be observed in the SFRP3 and SFRP6 samples.
The results indicate that the steel fiber composites have more voids and cracks compared
to the carbon fiber composites.

a b

Figure 5.2: Microscopy pictures of the SFRP: (a) Microcrack going through the layers. (b)
Presence of voids in the composite.
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Table 5.1: Wall thickness, ply thickness and volume fraction of fiber of the produced composites
using different methods.

Material
Wall thick-
ness [mm]

Ply thickness
[mm]

Vf image
analysis [%]

Vf burn-off
[%]

CFRP3 2.20 ± 0.20 0.31 ± 0.03 53.4 ± 2.7 51.9 ± 2.8
SFRP3 2.39 ± 0.20 0.33 ± 0.04 48.3 ± 2.5 47.1 ± 2.4
CFRP6 4.20 ± 0.34 0.33 ± 0.14 58.0 ± 2.5 57.2 ± 2.6
SFRP6 4.46 ± 0.31 0.35 ± 0.16 47.8 ± 2.9 46.5 ± 3.0

Table 5.2: Theoretical density, experimental density, and void fraction of the produced com-
posite pipes.

Material
Theoretical density,

ρct [g/cm3]
Experimental

density, ρce [g/cm3]
Void fraction,

Vv [%]

CFRP3 1.47 1.51 2.6
SFRP3 4.26 4.41 3.4
CFRP6 1.47 1.54 4.5
SFRP6 4.26 4.36 2.3

Density of steel fiber = 8.0 g/cm3, density of carbon fiber = 1.8 g/cm3, and density of
resin = 1.2 g/cm3. A volume fraction of fiber of 45% was assumed to calculate the

theoretical density of the composites.
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5.2 Compressive Test Results

5.2.1 Results for CFRP3 and SFRP3 Samples

Figure 5.4a and Figure 5.4b shows the typical stress-strain curves for samples, tested
to destruction in axial compression, and radial hoop compression test. When loaded in
axial compression (Figure 5.4a), both the CFRP3 and SFRP3 composite exhibits a linear
elastic stress–strain relation up to approximately 0.87% strain, after which a transit to
a recognizable nonlinear behavior. As the compressive strain reaches a magnitude of
0.87%, a distinct yield region is noticed, further compressive loading ultimately leads to
the sample failing by simple crushing and gradually decreasing tangent modulus.

Figure 5.3: Failure of SFRP3 hoop sample.

The CFRP3 failed mostly by material crushing, but the SFRP3 sample failed by fractures
forming in a ring around the circumference of the sample, as shown in Fig 5.3. The failure
had the appearance of axisymmetric shell buckling. From the strain gauges, it could be
observed a local strain concentration across the width of the sample. The compressive
elastic modulus was calculated as the slope of the elastic portion of the stress–strain
curves. Poisson’s ratio was calculated as the ratio of the hoop strain to the axial strain.
It was observed that under compression, a localized failure zone is noticed, associated
with microbuckling or kink-band formation of the fibers (Figure 5.5). It was noticed that
the strength determined from the loading curves in the axial direction of the samples
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have different values in compression. By contrast with the longitudinal strength, the ring
strength of both materials has approximately the same magnitude in compression.

When loaded radially in the hoop direction, the composite material experiences mainly
elastic deformation before failure, indicating that hoop failure of the samples is domi-
nated primarily by the matrix properties and state of stress at the fiber/matrix interface.
Figure 5.4b shows that both samples exhibit a linear elastic stress–strain relation up till
12.7 and 18.4% strain, respectively, before failure. During loading, microcracks propa-
gating between the layers of the steel fiber sample could be observed. These microcracks
propagated perpendicular to the loading direction and initiated fiber/matrix debonding
at the interface. Even after cracking and debonding of the matrix and fiber yielding, the
laminate continued to carry increasing compressive stresses. Successive damage devel-
opment and fiber plastic straining ultimately lead to catastrophic failure of the sample
(Figure 5.6).

Figure 5.7a shows the relation between the shear stress and the strains, measured from
the axial and hoop strain gauges, bonded to the specimens surface at a 55°angle to
the principal material directions. From this experimental data, the shear stress–strain
curve was determined as shown in Figure 5.7b. The material response is linear up to
approximately 0.6% shear strain, followed by nonlinear behavior. As the level of stress
is increased, a peak shear stress is reached, followed by a softening process which results
in a uniform stress plateau. The onset of nonlinear behavior lies at a relatively higher
applied strain for SFRP3 composite compared to the CFRP3 specimens. The elastic shear
modulus values were determined were derived from the slopes of the stress/strain curves
up to 0.1% strain obtained from the strain gauges. The shear yield stress was calculated
based on the applied load before the point of non-linearity, and the obtained experimental
values are listed in Table 5.3. The in-plane shear stress were determined from Eq. (5.1),
using the applied load F and the samples original cross-sectional area, (Ao) [7]:

τ12 = F

Ao
(5.1)

The in-plane shear strain was calculated from the individual strain values using Eq. (5.2),
where εaxial and εhoop are the axial and hoop strain, measured at a 55° offset angle to the
principle material coordinate system

γ12 = εaxial − εhoop (5.2)

The in-plane shear modulus was determined by the slope of the least-squares linear re-
gression fit to the elastic region of the shear stress–strain curve. The in-plane mechanical
properties of the CFRP3 and SFRP3 composite is summarized in Table 5.3. The pre-

55



5 Results 5.2 Compressive Test Results

dicted properties was found by Eqs. (3.1) – (3.6). The results of the predicted elastic
constants and the experimental results are shown in Table 5.4.

Table 5.3: In-plane mechanical properties of CFRP3 and SFRP3 composite samples.

Compressive properties CFRP3 SFRP3

Volume fraction of fiber [%] 51.9 47.1
Axial compressive modulus, E1 [GPa] 103.8 83.2
Hoop compressive modulus, E2 [GPa] 4.8 3.5
Axial compressive strength, X1 [MPa] 109.4 74.5
Hoop compressive strength, Y2 [MPa] 5.6 5.8
Axial failure strain, εfaxial [%] 4.2 6.7
Hoop failure strain, εfhoop [%] 12.7 18.4

Shear properties
Shear modulus, G12 [GPa] 2.49 2.63
Shear strength, S12 [MPa] 54.7 37.3
Shear strain at shear strength, γ12 [%] 1.4 2.6

Table 5.4: Calculated and experimental in-plane elastic properties for CFRP3 and SFRP3
composite pipe.

Material CFRP3 SFRP3
Property Calculated Experimental Calculated Experimental

E1 [GPa] 120.9 103.8 92.6 83.2
E2 [GPa] 7.4 4.8 6.0 3.5
v12 [ - ] 0.32 0.30 0.33 0.31
G12 [GPa] 2.42 2.49 2.57 2.63
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a

b

Figure 5.4: Stress–strain response of UD carbon fiber/epoxy and UD steel fiber/epoxy com-
posite samples: (a) Compressive loading in the axial direction of SFRP3 and CFRP3 composite
samples. (b) Compressive loading radially to the hoop direction of SFRP3 and CFRP3 compos-
ite samples.
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Figure 5.5: Failure and kink band formation during axial compressive loading of the SFRP3
sample.

Figure 5.6: Failure of SFRP3 hoop sample.
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a

b

Figure 5.7: Shear properties of CFRP3 and SFRP3 composite samples: (a) Strain gauge
readings (SGA = axial strain gauge, SGH = hoop strain gauge). (b) In-plane shear stress–strain
behaviour of CFRP3 and SFRP3 composite samples.
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5.2.2 Results for CFRP6 and SFRP6 Samples

Figure 5.8a and Figure 5.8b shows the typical stress-strain curves for samples, tested to
destruction in axial compression, and radial hoop compression test.

Figure 5.8a shows the case of axial compression the SFRP6 sample exhibits a linear
elastic stress–strain relation up to approximately 0.87% strain, after which a transit to a
recognizable nonlinear behavior. As the compressive strain reaches a magnitude of 2%, a
distinct yield region is noticed, further compressive loading ultimately leads to the sample
failing by simple crushing at approximately 9% strain. However, the CFRP6 sample only
exhibits a linear elastic stress–strain relation up to about 3% strain, after which failure
occurs, failing at a much lower compressive strength compared to the SFRP6 sample. In
the SFRP6 samples, the failure region was more extensive compared to the CFRP6, and
there were pronounced fractures running in directions parallel to the fibers. In a similar
way to the CFRP3 and SFRP3, a local strain concentration could be observed across the
width of the sample. Hence, microbuckling or kink-band formation of the fibers could be
observed on the specimen (Figure 5.9).

Figure 5.8b shows that in the case of hoop compression both the CFRP6 and SFRP6
samples exhibit a linear elastic stress–strain relation up till approximately 10% strain be-
fore failing. During loading, microcracks propagating between the layers of the steel fiber
sample could be observed. These microcracks propagated perpendicular to the loading
direction and initiated fiber/matrix debonding at the interface. Even after cracking and
debonding of the matrix and fiber yielding, the laminate continued to carry increasing
compressive stresses. Successive damage development and fiber plastic straining ulti-
mately lead to catastrophic failure of the sample (Figure 5.10).

Figure 5.11a shows the relation between the shear stress and the strains, measured from
the axial and hoop strain gauges, bonded to the specimens surface at a 55° angle to the
principal material directions. From this experimental data, the shear stress–strain curve
was determined as illustrated in Figure 5.11b. The material response is linear up to
approximately 0.6% shear strain, followed by nonlinear behavior. As the level of stress
is increased, a peak shear stress is reached, followed by a softening process which results
in a uniform stress plateau, indicating interlaminar shearing between adjacent plies and
plastic deformation of the matrix material. The onset of nonlinear behavior lies at a
relatively higher applied strain for SFRP6 composite compared to the SFRP3 specimens.
The obtained experimental values are listed in Table 5.5. The results of the predicted
elastic constants and the experimental results are shown in Table 5.6.
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a

b

Figure 5.8: Stress–strain response of UD carbon fiber/epoxy and UD steel fiber/epoxy com-
posite samples: (a) Compressive loading in axial direction of SFRP6 and CFRP6 composite
samples. (b) Compressive loading radially to the hoop direction of SFRP6 and CFRP6 compos-
ite samples.
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Table 5.5: In-plane mechanical properties of CFRP6 and SFRP6 composite samples.

Compressive properties CFRP6 SFRP6

Volume fraction of fiber [%] 57.2 46.5
Axial compressive modulus, E1 [GPa] 116.2 80.5
Hoop compressive modulus, E2 [GPa] 7 .1 8.7
Axial compressive strength, X1 [MPa] 54.2 92.7
Hoop compressive strength, Y2 [MPa] 8.6 9.7
Axial failure strain, εfaxial [%] 2.8 9.4
Hoop failure strain, εfhoop [%] 10.8 10.4

Shear properties
Shear modulus, G12 [GPa] 2.8 2.34
Shear strength, S12 [MPa] 27.1 46.2
Shear strain at shear strength, γ12 [%] 1.6 3.2

Table 5.6: Calculated and experimental in-plane elastic properties of the CFRP6 and SFRP6
composite pipe.

Material CFRP6 SFRP6
Property Calculated Experimental Calculated Experimental

E1 [GPa] 139.2 116.2 91.5 80.5
E2 [GPa] 7.4 7.1 6.0 8.7
v12 [ - ] 0.32 0.31 0.33 0.32
G12 [GPa] 2.72 2.80 2.19 2.34
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Figure 5.9: Failure of the SFRP6 axial sample.

Figure 5.10: Failure of the SFRP6 hoop sample.
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a

b

Figure 5.11: Shear properties of CFRP6 and SFRP6 composite samples: (a) Strain gauge
readings (SGA = axial strain gauge, SGH = hoop strain gauge). (b) In-plane shear stress–strain
behaviour of CFRP6 and SFRP6 composite samples.
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Figure 5.12: Shear failure of the SFRP6 hoop sample.

5.3 External Pressure Test Results

Figure 5.14 and Figure 5.15 shows that the pressure graph for the CFRP3 and SFRP3,
respectively. For both the CFRP3 sample and SFRP3 sample, failure occurred at a
critical buckling pressure by a significant drop in pressure, together with a loud bang. A
visual inspection of the fractured specimens provided further insights into the mechanisms
accompanying structural failure. The results indicate that the deformation before buckling
was significant so that the material yielded and buckled inelastically. However, these
changes were not measurable with the existing test set-up. Hence, stresses were calculated
assuming unchanged specimen dimensions.

Table 5.7: Theoretical and experimental buckling results.

Specimen
Pcr DTMB

[MPa]
Pcr von Mises

[MPa] (n-lobes)
Pexp [MPa]

CFRP3 23.4 21.1 (2) 14.6
SFRP3 18.2 17.1 (2) 11.7
CFRP6 69.3 62.4 (5) 49.3*
SFRP6 55.3 52.5 (5) 49.5*

*No buckling of the test sample.
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Figure 5.16 and Figure 5.17 shows that the pressure graph for the CFRP6 and SFRP6,
respectively. For the CFRP6 and SFRP6 sample, the experiment had to be stopped
because the pressure inside the tank reached the maximum allowable pressure limit of
the pressure tank (maximum operating pressure of 50 MPa). A visual inspection of the
fractured specimens indicates that the CFRP6 and SFRP6 samples showed no indication
of buckling even when the autoclave reached the pressure limit. Figure 5.13 shows the
samples after being loaded under external pressure. Table 5.7 contains the analytical and
experimental values for the critical pressure for each of the four pipes.

Figure 5.13: A picture showing the samples after external pressure test.
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Figure 5.14: External pressure test graph for the CFRP3 sample.

Figure 5.15: External pressure test graph for the SFRP3 sample.
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Figure 5.16: External pressure test graph for the CFRP6 sample.

Figure 5.17: External pressure test graph for the SFRP6 sample.
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5.4 Stiffness Comparison of Steel Fiber Composites and Other
Materials

This section has utilized simple micromechanical models to predict the stiffness, and
density of the steel fiber reinforced polymer composites. Followed by a comparison to
typical metals used in the offshore oil and gas industry, and traditional reinforced fiber
composites. Table 1.1 showed that steel fibers combine a high stiffness with a high strain-
to-failure, but was only a comparison between the different reinforcing fibers themselves,
and not the material property for their respective composites. Table 5.8 lists the material
properties of metals and the constituent materials used to calculate the composite prop-
erties. These simple stiffness models should render adequate predictions, which is much
more challenging in the case of strength or toughness models. Hence, only the stiffness of
steel fiber composites will be considered.

5.4.1 Stiffness and Density Comparison

Figure 5.18 shows the stiffness as a function of volume fraction for UD glass fiber compos-
ites (GFRP), UD carbon fiber composites (CFRP) and UD steel fiber composites (SFRP),
and stiffness of metals steel (Fe), aluminum (Al) and titanium (Ti).

At a volume fraction of fiber at 50%, the SFRP composite has almost equal stiffness Ti
and higher stiffness than Al and GFRP composites. However, the stiffness of the SFRP
composite is outperformed by the CFRP composite when at an equal volume fraction of
fiber.

Table 5.8: Mechanical properties of different materials used for modeling.

Material
Stiffness
[GPa]

Strength
[MPa]

Poisson’s
Ratio

Density
[g/cm3]

Shear stiffness
[GPa]

Percent
Elongation

Steel [34] 200 500 0.30 7.9 79.3 1.5
Titanium [34] 116 1100 0.34 4.5 41.0 10
Aluminum [34] 70 124 0.33 2.7 24.0 5.7
Steel fiber [1] 193 660 0.30 8.0 74.2 20
Glass fiber [34] 70 2400 0.30 2.6 26.2 1.6
Carbon fiber [18] 230 4400 0.30 1.8 27.0 1.9
Matrix [17] 3.2 65 0.35 1.0 1.1 12
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Figure 5.18: Modeled stiffness of glass, carbon and steel fiber composites for increasing volume
fraction of fiber.

Figure 5.19 presents the density of the different materials. For SFRP composites, the
density as a function of the volume fraction of fiber shows a high slope, due to the high
density of steel fibers.

Figure 5.19: Modeled density of glass, carbon and steel fiber composites for increasing volume
fraction of fiber.
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Hence at a fiber volume fraction of 50%, it has a density similar as titanium but is 60%
heavier than aluminum, 1.5 times heavier than glass fiber composites and 2 times heavier
than carbon fiber composites with the same volume fraction of fiber.

5.4.2 Specific Stiffness Comparison

In the case of designing for high stiffness and light-weight applications, the stiffness can
just be divided by the density to get the specific density. Figure 5.20 shows the specific
stiffness of the different materials. The SFRP composites get outperformed by the CFRP
composites, which is not surprising because of their low density. CFRP composites have
the highest specific stiffness in all cases, and the SFRP composites show either greater or
equal specific stiffness as that of GFRP composites and almost comparable to aluminum
or titanium. The specific stiffness of the SFRP composite is lower than of the CFRP
because the stiffness of the base materials is similar, but the density is four times higher.
As a result of this, the specific stiffness of the SFRP is approximately half of the stiffness
of CFRP composites.

Figure 5.20: Modeled specific stiffness of glass, carbon and steel fiber composites for increasing
volume fraction of fiber.
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6 Discussion

6.1 Method and Data Acquisition

The primary emphasis of this project has been on a simple approach to avoid selection of
a technically elegant solution, which cannot produce pipes consistently or reliably. The
size of the samples is small due to a limited supply of steel fiber available for production.
Consequently, only one pipe was produced for each layup, thickness, and material. There-
fore, the statistical confidence of the results obtained is low. However, even though the
statistical confidence is low, the results have been discussed with the assumption that the
results are absolute because it’s the only results available. Values found or obtained for
the material properties, and strength of composites are associated with significant scatter,
single point measures, average values and other statistically derived values such as the
characteristic values. Therefore, some values are strongly dependent on the quantity and
location of measurements and applied method; the results have given an indication of the
performance of filament wound SFRP compared to CFRP despite this. Also, the small
samples were ideal for testing given the autoclave’s dimension (400 mm in diameter and
1 m in length), compared to a pressure vessel solution used in earlier work [19].

The ROM formula is a simple equation to be used for qualitative evaluation of different
candidate materials and was good enough for preliminary design purposes and provided
a first estimate of the composite properties. The material properties of the composite are
based on several assumptions made during this study, and the properties of the constituent
materials were partially given by the manufacturer but did not include parameters for
other directions than the main parameters. Therefore, the values for the Poisson’s ratio
and the shear modulus in the other directions were found from textbook and assumed to
be the same.

FEA analysis of the buckling behavior could have been useful to obtain data. One of
the goals, in the beginning, was to use FEA to model and match the buckling behavior
of these SFRP cylindrical pipes under external pressure. But the FEA-analysis proved
to be time-consuming, and errors occurred all the time. It was decided to disregard the
results obtained from the FEA-analysis to narrow the scope of the thesis. The choice
to disregard the FEA results was because of the lack of experience on using FEA tools
from the authors’ side. To obtain any meaningful FEA results, the investigator must
know the principles underlying the finite-element method. Also, the matching method
was considered to be questionable, because many parameters could be tweaked and varied
to match the FEA-results with those obtained from the external pressure test.
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6.2 Composite Production

The lower volume fraction of fiber for the SFRP composite samples compared to the
CFRP composite samples could be because of the lower winding tension applied to avoid
fiber breakage of the steel fiber during winding. Mertiny and Ellyin [35] investigated the
influence of the applied winding tension on the physical and mechanical properties of
GFRP composite pipes and found that the component strength depends on the degree
of tensioning. In general, an increase in winding tension results in an increase in volume
fraction of fiber for the finished part. And consequently, an increase in volume fraction
of fiber has a beneficial effect on the component strength in the case of a fiber dominated
loading. When loaded in hoop compression a slight decrease in the failure strength was
obtained by increasing fiber compaction [35].

However, it should be mention that there is a limit to how much tension can be applied
before the fiber breaks or can’t be compressed anymore. The need for a continuous
tension of the fiber is also a problem because fiber breakage and sudden changes in the
curvature tend to create resin rich areas. It is highly likely that the high winding tension
combined with sharp uncured resin residues caused the fiber to break. Therefore, it is
of great importance to make sure that the entire system is clean and free of uncured
resin from previous winding sessions. The cleanliness of the wet winding method is a
significant disadvantage because of the uncured resin that can stick to the rollers from
subsequent winding procedures. The cleanliness in for example prepreg winding is much
better because the resin is cured to the B-stage already [19].

The steel fiber loses splits easily without tension (Figure 2.15). Therefore, the steel
fibers should be coated with more sizing to make them stick better together for easier
handling and production. The unbundling of the fibers can result in misalignment in the
composite which is adverse to the compressive strength of the material. Therefore, the
winding tension should be high enough for the fibers to align properly on the mandrel, but
low enough to avoid breakage of the steel fiber. Any misalignment of the fiber between
2 to 4° can significantly lower the stiffness and strength of the composite due to the low
stiffness and yield strength of the epoxy.

During pipe extraction mentioned earlier in section 2.4.5, it was discovered that the pipes
would not slip from the mandrel of which they were wound over due to the increased
friction caused by the vacuum bag sealant tape and plastic wrapping. A suggestion would
be to avoid using any vacuum bag sealant tape and plastic wrapping at all on the mandrel.
Instead, more lubricant could be sprayed onto the mandrel to ensure that the mandrel
will properly slip from the wound pipes. An alternative to applying grease spray would
be to use wax or release film.

For offshore pipelines, longer pipe sections are more likely to be their application. Thus,
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filament winding is not recommended due to its limitation to wind longer pipe sections.
However, the pultrusion method could be used instead of filament winding. Pultrusion is
a manufacturing process used to manufacture constant cross-section pipes of any length.
The pultrusion method has the added benefit of having an even cheaper production cost
compared to the filament winding process because it achieves direct conversion of contin-
uous fibers and resin into the finished part. The fibers are continuously impregnated and
pulled through a heated die, where they are shaped and cured [16].

The volume fraction for the filament wound pipes is not as good as that obtained from
other processing methods such as the vacuum infusing in an autoclave. The lower volume
fraction could be due to that the resin impregnation of the fibers during winding. A
possible cause of this could be because the fibers did not get wetted adequately during
impregnation when pulled over the resin roller. A slower winding speed could be used to
ensure that the fiber gets well impregnated with resin before it is wound on the mandrel,
but this at the cost of reduced production speed. It should be noted that controlling
the level of resin impregnation is challenging because of the resin lever. Therefore, it is
recommended to replace the existing resin roller and resin lever with another solution
that yields better impregnation of the fibers during winding. A suggestion would be
to guide the fibers through the tank via a pipe, then straight after the fibers has been
impregnated they are then pulled through a small orifice to scrape off excess resin. The
suggested method is similar to what Cohen et al. [36] used to produce pressure vessels.
He demonstrated a that a higher volume fraction of fiber could be achieved by running
the fibers through an orifice after resin impregnation instead of increasing the winding
tension. And for the steel fibers, this may be an optimal solution to achieve a better
wetting of the steel fibers during resin impregnation, and hence higher volume fraction of
fiber in combination with lower winding tension, which reduces the risk of fiber breakage.
Figure C.1 in Appendix C illustrates the suggested method to achieve better wetting of
the fibers.

6.3 Quality Control of the Produced Samples

The fiber volume fraction is an important parameter as the fibers are the main strength
and stiffness contributor in a composite material. The volume fraction of fiber calculated
from the image analysis is slightly higher than those based on the burn-off test, because,
for image analysis, a zone inside the laminate is chosen. Typically, a layer of resin rich area
can accumulate on the outside surface of the produced pipe, which decreases the volume
fraction of fiber calculated for the composite based on the burn-off method. Consequently,
it is important to point out that the specimen surfaces did not receive any enhancement
by any means. However, visual inspection of the sample surfaces revealed no inconsistent
resin areas. Therefore, the volume fraction of fiber is calculated based on burn-off testing
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of specimens. It can be observed that the fiber volume fraction in carbon fiber/epoxy
composites is higher than in steel fiber/epoxy composites. The higher tension could
explain the higher volume fraction of fiber for the carbon fiber/epoxy pipes applied in
winding the pipes, which gave better compaction of the fibers. The burn-off test assumes
there are no voids present in the composite. Hence, when assessing void content and
volume fraction, a higher void content will give less epoxy content and thus a higher fiber
volume fraction in a burn-off test. If a burn-off test’s volume fraction from a material
with high void content compared to the material data is used, which can result in a high
E-modulus. This artificially high E-modulus due to the void content can have detrimental
effects on the mechanical behavior of the composite. Also, since there is a considerable
difference in the volume fraction of fiber between the CFRP composites and the SFRP
composites, the volume fraction of fiber should have been normalized to the same level of
fiber content to represent a better comparison.

The overall mean thickness of the CFRP composites was slightly thinner than the SFRP
composites, which was expected since the diameter of the carbon fibers and steel fiber
has a diameter of 7 µm and 8 µm, respectively. Not surprisingly, the tube wall thickness
increases in direct proportion to the number of layers as expected. However, from the
thickness measurements, it could be observed that the produced pipe have an uneven
thickness along the longitudinal axis, which may have been due to the filament wind-
ing process. Thickness measurements of the samples were challenging because of the
pronounced unevenness of the sample pipe’s outer surface. Not being able to assess a
distinct measurement accurately makes them less accurate and can be problematic when
the measurements are used to estimate the elastic modulus and buckling pressures.

From the microscopy analysis, it could also be observed that there are voids present in
both the SFRP composites and CFRP composites, and can be explained by that the resin
was not degassed in a vacuum desiccator to remove the air bubbles inside the resin before
winding the pipes. Consequent curing caused the small air bubble to expand and thus
forming the voids in the produced composites. Therefore, degassing the resin by using a
vacuum pump is recommended before winding. Typically, a void fraction of one percent
indicate a high-quality composite, but practical challenges may increase the void content.
As suggested by E. Hugaas [38], peel ply could be used on the surface after winding to
reduce the void content. He tested this, by applying a sheet of peel ply on a filament
wound glass fiber/epoxy tube straight after the pipes had been wound, and found that
the presence of voids was reduced to some extent, which could have helped to remove
the uneven surface finish of the produced pipes in this thesis. Applying peel-ply to the
mandrel is a straightforward and inexpensive solution that should have been considered
but was not discovered until after the pipes were produced. Peel-ply could, therefore, be
applied to get a smoother surface and reduce the void content of the wound composites.
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The timer controlling the electrical curing oven didn’t work properly, so the pipes contin-
ued to cure long past the recommended 15 hours. It’s estimated that the pipes were cured
for about 26 hours. Overcuring the pipes could have resulted in a more brittle matrix,
but this did not seem much to have an effect on the results for the SFRP6 samples. It is
possible that the heat treatment (80°C) during the curing process could give some tem-
pering effects to the non-annealed steel fiber, relieving some of the internal stresses from
the bundle drawing process. The tempering effect could have increased the toughness of
the fibers, but is unlikely as the temperature was assumed to be too low for tempering
effects to occur (tempering is commonly performed above 150°C).

From microscopy analysis of the cross-sections of the sample axis, it was observed that
there was a presence of small microcracks in the microstructure which causes some vari-
ation in the local volume fraction of fiber. Not to mention, the SFRP composites had
more microcracks noticeably in the microstructure compared to the CFRP composites,
indicating that there may be a high-stress concentration around the steel fibers. These
microcracks were present throughout the thickness of the composite and could have a
significant effect on the volume fraction of fiber. Hence, the most critical flaw in influ-
encing the mechanical properties like tensile, compressive and buckling strengths [37]. A
hypothesis for SFRP having more microcracks than the CFRP is due to thermally induced
stresses. The steel fibers have a larger coefficient of thermal expansion than the carbon
fibers, and thus, during curing, the steel fibers causes significant thermal induced stresses
in the SFRP composites. The induced thermal stresses in combination with brittle matrix
(created by overcuring the SFRP composites) could have generated the microcracks.

6.4 Compressive Properties

As observed from the results there is a difference in failure stress in the axial direction
between SFRP and CFRP. Axial compressive behavior is mainly dominated by the out-
of-plane fiber waviness enabling fiber microbuckling and kink-band formation. While
for hoop compression, high compressive stress concentrations at the interface cause the
matrix to shear and debond from the fibers, leading to an overall shear failure mode,
which indicates a relatively low fiber/matrix interfacial strength.

The results show the compressive hoop strength is almost the same for both the CFRP
composites and the SFRP composites; thus, the results indicate that hoop failure of the
produced composite is primarily characterized by the matrix compressive properties and
state of stress at the fiber/matrix interface. High compressive stress concentrations at
the interface cause localized yielding in the matrix, initiating shear failure. The slightly
higher hoop strength of the SFRP composites may be because the steel fiber has a more
optimal interfacial strength between fiber and the epoxy polymer compared to carbon
fiber. During the hoop compression tests, it could be observed that the steel fiber plies
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start failing first in a slow continuous manner, followed by delamination of the steel fiber
layers and finally sudden drastic failure of the SRPP layers and as a result, failure of
the entire composite. Failure damage development is in good agreement with Callens
hypothesis for the failure mechanisms in SFRP composites.

It is clear that the SFRP composite has a higher strain-to-failure than the CFRP compos-
ite (Table 5.3) and (Table 5.5). The SFRP3 composite shows a lower normalized stress at
a given strain compared to the CFRP3 composite. The lower stress is not clearly visible
in the linear elastic region due to the higher stiffness of the carbon fiber, however after
the yield point, the slope of the stress-strain curve decreases and differences become more
pronounced. The SFRP3 samples possess a strain-to-failure of 6.7%, which is almost dou-
ble of the strain-to-failure of the CFRP3 sample (4.2%). On the other hand, the SFRP6
sample exhibits a higher normalized stress at a given strain compared to the CFRP3 com-
posite combined with a failure strain of 9.4%, which is almost three times greater than
the failure strain compared to CFRP6 sample (2.8%). However, the results indicate that
the full potential of the strain-to-failure of the steel fibers (20% failure strain) reported
in Table 1.3, has not been realized in the composite.

The experimentally measured stiffness in the longitudinal (axial) direction of the produced
composites is significantly lower than the one predicted by theoretical models (Table 5.4)
and (Table 5.6). An explanation for this could be because the laminate theory and
micromechanical models are mainly used to develop the relationships for a flat laminated
sample and not for curved structures such as filament wound cylindrical pipes. The model
for the longitudinal modulus is considered an accurate model applicable for all standard
UD composites, but not for curved structures. When subjected to in-plane loads such
as shear and axial forces, bending and twisting moments a flat laminate will not behave
the same as for curved structures and therefore the laminate theory is not accurate for
this application. In this circumstance, the results indicate that the steel fibers exhibit a
non-linear elastic strain-to-failure behavior. Therefore, the assumptions in the classical
lamination theory where materials have linear elastic behavior and strains vary linearly
through the thickness are not correct.

The effect of the resin is ignored in most cases because the fiber is much stiffer compared to
the matrix, but the results indicate that there is some interfacial effect between matrix and
fiber. The model for the transverse (hoop) stiffness obtained by Eq. (3.2) is considered to
give a rather poor in the majority of cases. A better prediction could have been by using
the semi-empirical Halphin-Tsai formula, but the formula requires additional empirical
data, which make the formula not useful if the needed material data are not available.

The evaluation of the experiment to find the elastic properties in the axial and hoop
direction was based on a formula for an isotropic material. Thus, the predicted results
would most probably not very accurate. Nevertheless, this was kept in mind especially

78



6 Discussion 6.5 Shear Properties

because this parameter had the biggest influence on the results of the theoretical method.
Currently available methods which apply conventional laminate theory and failure criteria
without allowing for material non-linearity can underestimate the ultimate strength of
the filament-wound material. For realistic prediction of ultimate strength, the prediction
should take into consideration non-linearity and the effects of progressive damage within
the material as suggested by Wang et al. [39].

6.5 Shear Properties

The results from the shear stress–strain curve (Figure 5.7b) and (Figure 5.11b) indicates
that as the level of stress is increased, a peak shear stress is reached, followed by the re-
alignment of adjacent plies which results in a uniform stress plateau. The realignment of
adjacent plies generates interlaminar shearing between the plies and plastic deformation
of the ductile epoxy system. In-plane shear failure is governed by the fiber/matrix inter-
facial strength and matrix properties. Shear deformation triggers fracture by debonding
between the fibers and epoxy and the formation of epoxy shear bands between adja-
cent fiber bundles, resulting in ply delamination. Failure surfaces show evidence of weak
fiber/matrix interfacial strength. After functional failure, the matrix increasingly breaks
down allowing the fibers to realign in the resultant loading direction and subsequently
accompanied by a significant change in length and diameter of the specimen.

6.6 Buckling Behavior

The results indicate that the analytical models do not accurately predict buckling pres-
sures, but over-estimate the critical buckling pressures by between 12 to 16%. The layup
selected for this thesis has also been employed in some published studies for deep sea
applications [40, 41, 22]. Kaddour et al. [42] investigated the behavior of thin and thick
helical wound ±55° composite cylinders under various biaxial loading ratios including
external pressure and noted that commonly used analytical models do not accurately
predict buckling pressures, but under-estimate critical buckling pressures. Graham [43]
studied thin and thick glass and carbon/epoxy wound cylinders (D/t = 6, 9, 16 and 21)
subjected to external pressure tests, and found that the experimental results correlated
well with predicted the elastic buckling pressure of the thin-walled cylinders. However,
in a similar way to [42], Graham did not find good agreement between predicted failure
pressure and experimental results for thick-walled cylinders. He concluded that the only
reliable method of predicting the collapse of thick composite cylinders due to material
failure was by using data from many tests.

The experimental buckling pressures are significantly lower than the one predicted by the
Von Mises and DTMB formula; there could be many reasons for this. Firstly, the difference
could be due to the misalignment of the fibers caused when the fiber broke during winding
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of the SFRP3 pipe. Paor et al. [44] found that geometric imperfections significantly
reduces the critical buckling capacity of thin-walled cylindrical pipes subjected to uniform
external pressure. Secondly, Eq. (3.8) is an analytical expression for critical buckling
pressure Pcr of cylindrical shells derived by Windenburg and Trilling for the buckling of
a perfect cylinder subjected to uniform external pressure, this is not the case since it was
found that the pipes had an uneven thickness along its longitudinal axis. Also, it is worth
noting that there are considerable uncertainties concerning both these expressions. For
example, in the buckling expression Lo is the tube length, nominally 200 mm, but the
presence of the steel end caps which are each 10 mm long at the inner surface and 10 mm
at the outer surface, will reduce the effective buckling length to L.

It is worth mentioning that it could be observed before testing that all the test specimens
had minor defects at the pipe ends from due to the diamond saw cutting. These defects
had the form of small delaminations and cracks on the surface, and the affected zones
could be approximately measured to be between 5 to 10 mm from the pipe ends for all
specimens. These defects should not have any influence on the results as the end caps
have shoulders of about 10 mm penetrating into the samples’ ends acting as support.
Also, after removing the end caps and the vacuum bag sealant tape, some water could
be observed in inside the samples, which indicates that there was some initial leakage at
low pressures. As the pressure was increased inside the pressure chamber, the leakages
were likely stopped as the end caps were pushed into the pipe, sealing off any gaps. Also
visible in the pressure graphs is areas with substantial noise caused by operating the
compressor. It is hard to tell whether the water inside the tubes post testing came from
leakage through the laminate or just from the end caps leaking. The water present in the
tubes post testing has therefore no been assessed further when presenting or discussing
possible leakage due to material failure.

The results from the external pressure test, indicate that the composite pipes are buckling
as expected. It was expected that due to the high ductility of the steel fiber that the
samples would buckle elastically, reduce their sensitivity to buckling. Though, this was
not the case since both the SFRP3 sample and CFRP3 sample failed by leaving only
fragments behind. This type of behavior indicates that a high amount of energy was stored
within the structure before failure occurred. On the sample surface of the CFRP3, it can
be observed that the sample fractured along the longitudinal axis compared to the SFRP3
sample where the whole mid-section fractured. Variations in the production process can
be an explanation for the higher burst pressure of the CFRP3 sample compared to the
SFRP3. Another possibility is that the SFRP3 pipe had fiber breakage at the second layer
during winding. And therefore, a defect that could have initiated the elastic instability
of the component during testing. The failure behavior of the samples seems to follow the
trends for shell buckling theory. Where the thin-walled (CFRP3 and SFRP3) samples
buckled inelastically and material failure occurred.
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Other than this higher pressure, commonly a thicker pipe resulted in a higher buckling
pressure, which was anticipated. Since the both the thick-walled samples (CFRP6 and
SFRP6) did not buckle during the external pressure test, and there are no other autoclaves
available at NTNU that can provide pressures above 50 MPa, it is not possible to tell how
they would fail. However, the experimental buckling pressure of the SFRP6 was close
to the theoretically predicted buckling pressure of the SFRP6. However, for the CFRP6
there is still a big gap. Hence, it is not definite to conclude that the buckling properties
of the CFRP composites perform better than the SFRP composites, or vice versa.

6.7 Failure and Damage Mechanisms Analysis

The results indicate that during compressive loading high compressive stress concentra-
tions at the interface cause localized yielding in the matrix, initiating shear failure. Failure
by in-plane shear deformation is dominated by the fiber/ matrix interfacial strength and
matrix properties [16]. The shear failure surface of unidirectional steel fiber/epoxy com-
posite material is shown in Figure 5.12. As a result of the low fiber/matrix interfacial
strength, interlaminar cracks develop between the plies and fiber bundles. Debonding
between the layers along with fiber bundle splitting promotes the rotation or scissoring
of the fibers ultimately leading to delamination and interlaminar shear over the entire
specimen. Further loading of the material increases the rotation of the fiber bundles per-
pendicular towards the loading axis, resulting in shear dominated failure of the epoxy
between adjacent fiber bundles.

The results show that just like for CFRP composites, the mode of failure for the SFRP
composites is triggered by fiber microbuckling when individual fibers buckle inside the
matrix. However, the SFRP composites exhibits in general a higher strain-to-failure com-
pared to the CFRP composites, even though, the SFRP composites have more microcracks
in them than the CFRP composites. A possible explanation may be because the plas-
tically deformed steel fibers make it possible for the steel fibers to bridge the cracks in
the matrix [8]. During the plastic deformation, matrix crack density, and fiber/matrix
debonding increases, prohibiting deformational stress in the matrix to be transferred to
the fibers. Another possible explanation could be that the steel fibers fractured in multi-
ple places and that when the adhesion is high enough, stress transfer can occur through
the matrix (assuming that the overcuring of the SFRP composites did not have any effect
on the matrix ductility).

The strain concentration resulting from this interfacial failure together with reaching the
yield strain of the steel fibers, initiates plastic deformation of the fiber, leading to fiber
necking and decreasing of the fiber cross-section. Also, the SFRP composites exhibit
similar ductile deformation behavior to that of the dry UD continuous steel fiber, i.e., an
initial elastic response, a definite yield point and consecutive plastic and strain hardening
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behavior.

Because steel is isotropic, there is a high-stress concentration close to the fibers that can
lead to early hoop failure. The stress concentration increases if the difference in stiffness
between the polymer and fiber increases [6]. The ratio of the stiffness of the fiber to the
stiffness of the polymer is about 60 for steel fibers and 70 for the carbon fibers, while this
is only about 20 for glass fibers. It is possible to lower the stress concentration by surface
treatment to achieve optimal adhesion strength of the fiber/matrix interface. Research
have shown that the fiber/matrix interfacial strength has a significant influence on the
overall mechanical properties of the composite [45]. Improving this interfacial strength by
chemical surface modification of the fiber could enhance the mechanical properties [6]. It
is likely that surface treatment is the way to go when an increase in the strain-to-failure
of the composite or even toughness is sought, thus improving the performance of SFRP
composites subjected to various loading (i.e. axial compression, hoop compression, and
external pressure loading), regarding strength and ductility of the composite [11].

6.8 Results Compared to Steel Fiber Laminates

The steel fiber reinforced polymer composites pipe in this thesis are made by the filament
winding method and are to the authors’ knowledge the first of its kind. Since they are the
first of its kind, it is challenging to draw definite conclusions based on the limited char-
acterization tests performed. With this in mind, a brief comparison with recent studies
on flat laminated steel fiber reinforced polymer composite will be discussed. Table 6.1
compares the mechanical and specific mechanical properties of the produced UD SFRP
composite pipes to what Callens et. al and Allaer et. al found in their study, together
with those of other material grades.

It is important to point out that Callens and Allaer used annealed steel fibers in their
studies, compared to the non-annealed steel fibers used in this thesis. Also, this thesis
used steel fibers with a diameter of 8 µm, compared to 30 µm which they used in theirs.
The higher volume fraction of fiber obtained in this study is higher compared to what
Callens et al. [6] and Allaer et al. [11] obtained in their study. One of the reasons for
the higher volume fraction obtained in this thesis could be explained by that the fibers
used in this thesis were thinner compared to theirs, thus enabling the fibers to be more
closely packed. Therefore, it’s recommended to use the thinnest possible fiber when a
higher volume fraction of fiber is desired. Also, another reason or downside of having a
larger diameter is because the fibers have a lot less surface area and will lead to a lower
adhesion which is unwanted. Etching or mechanically deforming the fibers could be used
to increase the surface area. However, this study did not investigate the effect of the fiber
diameter and, therefore, it may also be plausible that by using thicker fibers (≥ 30 µm)
it’s possible to cut down on the extra time and cost of the bundle drawing technique to
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make thinner steel fibers.

The density as a function of volume fraction of fiber shows a high slope, due to the high
density of steel fibers. And since the volume fraction of fiber is greater for the produced
cylindrical SFRP samples the density of the composite is therefore also higher, leading to
a lower specific stiffness. The experimental results obtained in this thesis indicate that the
produced samples have achieved similar strain-to-failure to those obtained for flat lami-
nated composites, and as such the ductility of the overcuring did not have as much effect
on the ductility of the matrix as first anticipated. Table 6.1 show the specific properties
of filament wound SFRP composite and SFRP laminates, and other steel materials.

Table 6.1: Mechanical properties of UD SFRP composite pipes compared to flat UD SFRP
laminates and other structural materials.

Material
Vf

[%]
δ

[g/cm3]
E

[GPa]
σ

[MPa]
εfailure

[%]
E/δ

[GPa/g/cm3]
σ/δ

[MPa/g/cm3]

SFRP3 pipe 47.1 4.41 83.2 74.5 6.7 18.9 16.9
SFRP6 pipe 46.5 4.36 80.5 92.7 8.0 18.5 21.3
SFRP/ductile epoxya 42.0 3.94 82.5 62.1 6.73 20.9 8.1
SFRP/brittle epoxyb 44.0 4.19 67.0 259.6 7.3 16.0 62.0
SFRP/polyamide 6b 41.0 4.00 73.2 265.6 12.7 18.3 66.4
AISI 316L Stainless steel - 8.00 193 660 19.5 24.1 82.5
AISI 1025 Carbon steel - 7.80 207 500 25.0 26.5 64.1

a K. Allaer et al. [11]. b Callens et al. [8].

6.9 Evaluation and Further Improvements

It was mentioned earlier that steel combines a high stiffness with a high strain-to-failure.
The micromechanical models predicted that steel fiber composites can possess a stiffness
that falls in between the stiffness values of carbon fiber and glass fiber composites. More
specifically, it is approximately half the stiffness of a typical carbon fiber composite, but
double that of a glass fiber composite (with similar fiber volume fractions). For lightweight
applications, the mechanical properties per density are more important than the absolute
values. CFRP composites have the highest specific stiffness in all cases, and the SFRP
composites show either greater or equal specific stiffness as that of GFRP composites and
almost comparable to aluminum or titanium. The SFRP composites get outperformed by
the CFRP composites, which is not surprising because of their low density. The specific
stiffness of the SFRP composite is lower than of the CFRP because the stiffness of the
base materials is similar, but the density is four times higher. As a result of this, the
specific stiffness of the SFRP is approximately half of the stiffness of CFRP composites.
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Since the density of SFRP is very high, its specific properties are low. Therefore, not a
competition to carbon fiber composites in lightweight applications, unless the added value
of their high ductility and toughness is also taken into account. The trade-off for better
strain-to-failure and ductile failure in these composites may be due to their high density
and mediocre performance compared to carbon/epoxy.

It should be mentioned that hybrid composites between steel and carbon or even glass
fibers could be an attractive solution, where the material can be tuned with the added
toughness. A higher content of steel fibers can be used to increase the ductility, hence, the
toughness of the composite, while a higher content of carbon or glass fibers is beneficial
for the stiffness properties [46]. Or steel fibers can be combined to form hybrid composites
with glass or carbon fibers to further lower the cost in combination with density while
keeping as much as possible the stiffness, or to increase the toughness of traditional
composites without sacrificing the stiffness.

The measured strain-to-failure was higher for the SFRP composites compared to the
CFRP composites, which shows that these steel fibers have a substantial capacity for
strain hardening. The SFRP composites have a distinct strain hardening behavior much
like regular steel, which gives them an extra margin of safety that traditional CFRP
composites do not offer. Thus, SFRP composites have pseudo-ductile behavior rather
than brittle failure encountered in traditional fiber reinforced composites.

It was shown that the non-annealed steel fibers used in this thesis possess a strain-to-failure
up to 20%, but the full potential has not been achieved for the produced SFRP composite
pipes in this case. Recent studies [6] has shown that stainless steel fiber composites also
have a high strain-to-failure (7%) even when they are combined with brittle matrices like
epoxy. The strain-to-failure was further increased to 13% by choosing a more ductile
matrix. The study also suggested that the steel fibers could be coated with a substance
to achieve an optimal adhesion and obtain an increased strain-to-failure (up to 20%).
Further investigation is needed to optimize the interface to utilize the full potential of the
steel fibers’ ductility.

Is it then possible to utilize stainless steel fiber reinforced polymer composites in the
offshore industry in the future? For offshore oil platforms, where weight is crucial, the
higher density of the steel fiber compared to carbon will be the limiting factor. It must
be mentioned that the density of steel fiber reinforced polymer composites lie in between
the density of pure stainless steel and carbon fiber composites. Because the stainless
steel fiber has a cost about one-fourth the cost of carbon fiber in combination with lower
density compared to regular steel there exists an attractive option to save cost and weight.
The stainless steel fiber reinforced polymer composites show that a trade-off between
cost/weight and average performance exists.
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They are no match to carbon or glass fibers based on strength alone. However, their
average yield strength and strain-to-failure could be designed through different heat treat-
ments or drawing steps to improve their performance characteristics. The ability to meet
specific needs by tailoring the material could potentially make them highly desirable in a
broad area of engineering applications, and not just the offshore oil and gas industry.

From the results currently available, it seems plausible to recommend that steel fiber
reinforced polymer composite pipes can potentially be used for offshore pipelines at the
seabed, where weight is not as critical as for oil platforms. However, because of strict
standards and characterization processes that are required to approve the materials before
using them offshore, it’s likely to take a long time before they can be utilized in the offshore
oil and gas industry. It is probable that the use of steel fiber reinforced composites will
continue to increase as the steel fibers become more widely available, and the industry
get more experience in fabrication procedures. For now, they need more characterization
processes and tests to evaluate their potential application areas.
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7 Conclusions

7.1 Important Results

The primary objective of this work was to investigate the potential of a novel fiber type,
annealed stainless steel fiber, for application in filament wound composite pipes. In the
present study, this fiber has been used to develop a polymer composite pipe to understand
their mechanical behavior and damage development.

The introductory section illustrated that the scientific literature which describes the use
of steel fibers as a ductile reinforcing material in filament wound polymer composites is
very limited and thus largely unexplored. Therefore, in this work a range of parameters
which can influence the mechanical behavior of steel fiber composites was investigated
using several different experimental test methods described and analyzed in the various
sections of this thesis.

7.1.1 Production

The following conclusions can be made for the production process:

• Unidirectional steel fibers embedded in an epoxy polymer matrix composite pipes
were created successfully by the filament winding machine.

• No modifications of the filament winding machine is required to be able to wind the
SFRP composite pipes. However, the resin roller should be replaced with another
solution to achieve a better resin impregnation of the fibers during winding.

• The produced samples have non-uniform wall thickness with minor defects such
as delamination on the surface of the pipe ends. Also, the SFRP composites had
greater defects compared to the CFRP composites.

• The fiber splits easily and should be coated with more sizing to help them bundle
together better.

7.1.2 Experimental

The main findings from the experimental tests are listed as follows:

• The axial compressive results show that the full strain capacity of the ductile stain-
less steel fibers was not achieved in the composite material up to failure. On the
other hand, hoop compression exhibits low failure stress and strain, which indicate
high compressive stress concentrations at the interface and relatively low fiber/ma-
trix interfacial strength.
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7 Conclusions 7.1 Important Results

• The specific mechanical properties of this stainless steel fiber composite material are
comparable to those reported for flat cross-ply laminate samples and their specific
stiffness is also similar to a commercial monolithic stainless and carbon steel grades.

• The calculated elastic properties using the micromechanical approach were signifi-
cantly higher than the experimental values.

• The steel fiber composites exhibit a much greater strain-to-failure than a typical UD
carbon and glass fiber composite (almost three times) combined with a high stiffness
(about 80 GPa). Also, the SFRP composites exhibit similar ductile deformation
behavior to that of the dry UD continuous steel fiber, i.e., an initial elastic response,
a definite yield point and consecutive plastic and strain hardening behavior.

• Axial compressive behavior is primarily dominated by the out-of-plane fiber waviness
enabling fiber microbuckling and kink-band formation, while, in hoop compression,
high compressive stress concentrations at the interface cause the matrix to shear
and debond from the fibers, leading to an overall shear failure mode.

• In-plane shear failure is dominated by the fiber/matrix interfacial strength and ma-
trix properties. Shear deformation triggers fracture by debonding between the fibers
and epoxy and debonding between adjacent plies, resulting in ply delamination. The
results indicate that there is a weak fiber/matrix interfacial strength.

• The thin-walled samples failed by inelastic buckling in the areas of thinner wall
thickness, which caused higher stress concentrations at these points. The thick-
walled test samples reached the maximum operating pressure the autoclave without
showing any indication of buckling.

• The results of this study show that stainless steel fiber reinforced polymer compos-
ites can offer a reasonable trade-off between cost and average performance for the
offshore oil and gas industry.
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7.2 Recommendations for Further Work

The presented results are only a first investigation of the potential of steel fibers for use
in polymer composite pipes. For future work, some recommendations and suggestions are
presented below. Suggestions for further study are split up in further optimization and
further characterisation of steel fiber composites.

7.2.1 Further Optimization

Further optimization should include the following:

• The production method should be optimized to produce samples with a uniform
thickness. The optimization could be beneficial regarding quality, cost, and produc-
tion rate compared to the current production method.

• Apply peel-ply on the surface straight after the pipes have been wound to get a
smoother sample surface and reduce the presence of voids. With reduced void
content the volume fraction should increase, and hence, strength/stiffness of the
composite also increase, as suggested by E. Hugaas [38].

• Study the influence of adhesion between fiber and matrix. With optimized adhesion
between the fiber and a stiffer matrix, it is expected that toughness of the steel fiber
composites can further be improved as recommended by Callens et al. [6, 45].

7.2.2 Further Characterization

Further characterization should include the following:

• More experiments are needed for further testing to validate the obtained results
of this thesis. Due to a limited supply of steel fiber, only a few sample has been
produced and tested.

• The influence of the respective filament winding process and the change in mechan-
ical behavior needs to be further investigated.

• The theoretical investigation should be extended by using nonlinear material behav-
ior to account for the ductility of the steel fibers as suggested by Wang et al. [39].

• The characterization should be extended for tensile testing to gain a general idea of
the tensile behavior of these steel fiber reinforced materials.

• The predicted buckling pressures should be verified with further experiments. Also,
the results should be compared to Finite Element software such as Abaqus CAE
because it could help solving the problem or probably even show that the predicted
buckling pressure are correct.
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Appendix A Software for Filament Winding

Winding Expert

Winding Expert is a software solution for creating, editing and simulating filament wind-
ing programs. It is a user-friendly software which allows the composite designer flexibility
to create winding programs that will completely fulfill the product requirements. It has
the possibility for circumferential (hoop), helical, transitional and other custom defined
winding layers and programs. Features for winding path simulation and winding pattern
simulation provide the designer with a powerful tool for natural and precise creation of
the composite parts using filament winding technology [47].

Winding Commander

The Winding Commander software developed by Mikrosam is specially designed to control
the MAW LS 20 Filament Winding machine. The PC-based system with latest class
CPU running under Windows operating system work parallel with dedicated DSP for
smooth, fast and accurate winding process of unlimited program length. The Winding
Commander control application is the most advanced and feature rich control for filament
winding machines. With the unique graphic interface, it is relatively easy to learn and
operate [47].

Troubleshooting Winding Commander

The following troubleshooting processes can be used to fix the error messages:

”File access not possible”. This message occurs when Winding Commander sometimes
can’t find the mandrel-file for some unknown reason. Moving the mandrel-file closer to
the root file will fix this.

”No interpolation for axis tracking”. If the speed is too fast when returning the
machine to its reference position, then the machine may jam and give this error message.
The only known fix for this so far is by repeatedly pushing the start button, which moves
the machine in small steps until the machine frees itself. If this does not work, shutting
down the entire system with the main switch and back on may be necessary.

”Drive shall be moved, but not enabled yet”. The motors are disabled. Enable the
motors in the Winding Commander interface.

”Light barrier activated”. For safety reasons the machine has light sensors that au-
tomatically stops the machine when activated. If nothing dangerous has occurred press
start to continue the winding process.
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Appendix B Microscopy Pictures

a

b

Figure B.1: Microscopy picture number 1 of SFRP3 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.2: Microscopy picture number 2 of SFRP3 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.3: Microscopy picture number 3 of SFRP3 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.4: Microscopy picture number 4 of SFRP3 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.5: Microscopy picture number 5 of SFRP3 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.6: Microscopy picture number 1 of SFRP6 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.7: Microscopy picture number 2 of SFRP6 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.8: Microscopy picture number 3 of SFRP6 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.9: Microscopy picture number 4 of SFRP6 sample: (a) Orig-
inal picture. (b) Annotated picture.
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a

b

Figure B.10: Microscopy picture number 5 of SFRP6 sample: (a)
Original picture. (b) Annotated picture.
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Appendix C Suggested Resin Impregnation Method

Figure C.1: Picture illustrating the new suggestion to how the fiber should be fed through
system and impregnated by resin.
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Appendix E Safety and Evaluation of Activities in
the Laboratory and Workshop

Rev. 09  Nov 2013    Page 1 of 7

Sikkerhets- og kvalitetsgjennomgang av 
laboratorietester og verkstedsarbeid 

Safety and Quality Evaluation of Activities in the 
Laboratory and Workshop 

 
 

Perleporten 
1 Identifikasjon - Identification Dokumentnr.  Document no.: 

Kundenavn  Customer name 
Daniel Tran 

Prosjektnavn  Project name 
Producing steel-fiber-reinforced polymer 

composite pipes 
Projektnr.  Project no. 

Beskrivelse av arbeid  Description of job 
Bearbeide og vikling av komposittrør 
Kompressiontesting av komposittrør 
Ekstern trykktesting av komposittrør 

Dato  Date 
19.02.2016 - 10.06.2016 

2 Projekt - Team 
Prosjektleder og organisasjon  Project 
manager and organisation Daniel Tran Ansvarlig for instrumentering 

Responsible for instrumentation. 
Daniel Tran 

Leiestedsansvarlig  
Laboratory responsible Daniel Tran Operatør  Operator Daniel Tran 

 
Auditør for sikkerhets og 
kvalitetsgjennomgang  Auditer for 
safety check 

Carl Magnus 
Midtbø 

Ansvarlig for styring av forsøk 
 Responsible for running the 

experiment. 
Daniel Tran 

Ansvarlig for eksperimentelt faglig 
innhold  Responsible for experimental 
and scientific content 

Daniel Tran 
 

Ansvarlig for logging av 
forsøksdata  
Responsible for logging and 
storing experimental data 

Daniel Tran 
 

Ansvarlig for dimensjonering av last og 
trykkpåkjente komponenter  
Reponsible for dimensioning load 
bearing and pressurized components 

Daniel Tran 
 

Ansvarlig for montering av 
testrigg  Responsible for 
building the rig 

Daniel Tran 

3 Viktig!!  Important!!  J: Ja  Yes / N: Nei - No 
Er arbeidsordren signert?  Is the work order signed? J 
Har operatøren nødvendig kurs/trening i bruk av utstyret? - Has the operator the required courses/training on the equipment? J 
Har operatøren sikkerhetskurs? (påbudt)  Has the operator followed the safety courses? (mandatory) J 
Kan jobben gjøres alene? - Can the work be done alone?  N 
- Dersom ja, er det med visse forbehold (for eksempel, må bruke alarm, ha avtale med noen som kommer innom 

med jevne mellomrom eller lignende). Dette må vurderes i Seksjon 5. 
If yes, the work may have to be done under special conditions (e. g. must use the alarm, have agreement with 
somebody coming back periodically or similar). This shall be evaluated in Section 5. 

 

4.1 Sikkerhet  Safety (Testen medfører  The test contains) J: Ja  Yes / N: Nei - No 
Stor last  Big loads N Brannfare  Danger of fire N 
Tunge løft  Heavy lifting J Arbeid i høyden  Working at heights N 
Hengende last  Hanging load N Hydraulisk trykk  Hydraulic pressure J 
Gasstrykk  Gas pressure N Vanntrykk  Water pressure J 
Høy temperatur  High temperature N Lav temperatur  Low temperature N 
Deler i høy hastighet  Parts at high velocity J Farlige kjemikalier  Dangerous chemicals N 
Sprutakselerasjon ved brudd  

 Sudden acceleration at fracture/failure 
J Forspente komponenter  

 Pre-tensioned components 
J 

Farlig støv  Dangerous dust N Kraftig støy  Severe noise J 
Klemfare  Danger of pinching J Roterende deler  Rotating parts J 
4.2 Påkrevet verneustyr  Required safety equipment J: Ja  Yes / N: Nei - No 
Briller (påbudt)  Glasses (mandatory) J Vernesko  Safety shoes J 
Hjelm  Helmet N Hansker  Gloves J 
Skjerm  Screen J Visir  Visir N 
Hørselsvern  Ear protection J Løfteredskap  Lifting equipment J 
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Yrkessele, fallsele, etc.  Harness ropes, other 
measures to prevent falling down. 

N   
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Sikkerhets og kvalitetsgjennomgang av 
laboratorietester og verkstedsarbeid Perleporten 

5.3 Feilkilder  Reasons for mistakes/errors  
Sjekkliste: Er følgende feilkilder vurdert?  Check list: Is the following considered?               J: Ja  Yes / N: Nei - No 
Tap av strøm  Loss of electricity J Overspenning  Voltage surge J 
Elektromagnetisk støy  

  Electromagnetic noise J Manglende aggregatkapasitet av hydraulikk  
 Insufficient power of the machine J 

Jordfeil  Electrical earth failure J Vannsprut  Water jet J 
Ustabilt trykk av hydraulikk/kraft  

 Unstable pressure or hydraulic force J Tilfeldig avbrudd av hydraulikk/kraft 
  Unintended interruption of power supply J 

Last-/ forskyvnings grenser etablert ?  
 Are load and displacement limits established? J Lekkasjer (slanger/koblinger, etc.)  

 Leakage of pipes, hoses, joints, etc. J 
Mulige påvirkninger fra andre aktiviteter  

 Possible interference from other activities J Mulige påvirkninger på andre aktiviteter  
 Possible interference towards other activities J 

Problemer med datalogging og lagring  
 Troubles in loading and storage J Brann i laboratoriet  

 Fire in the laboratory J 
6 Kalibreringsstatus for utstyr  Calibration of equipment  
(ex: load cell, extensometer, pressure transducer, etc) 
I.D. Utstyr - Equipment Gyldig til (dato)  

 Valid until (date) 
1 Pressure transducer  
2 Schlenk 250 kN  
   
   
   
   
   
7 Sporbarhet  Tracebility 
Eksisterer  Is there J: Ja  Yes / N: Nei - No 
Er alle prøvematerialene kjente og identifiserbare?  Are all experimental materials known and traceable? J 
Eksisterer det en plan for markering av alle prøvene?  Is there a plan for marking all specimens? J 
Er dataloggingsutstyret identifisert?  Is the data aquisition equipment identified? J 
Er originaldata lagret uten modifikasjon? Are the original data stored safely without modification? J
Eksisterer det en backup-prosedyre?  Is there a back-up procedure for the data (hard disk crash)? J 
Eksisterer det en plan for lagring av prøvestykker etter testing? 
  Is there a plan for storing samples after testing? 

J 
Eksisterer en plan for avhending av gamle prøvestykker?  Is there a plan for disposing of old samples? J 
8 Kommentarer  Comments 
 
 
 
 
 
 
9 Signaturer  Signatures 
Godkjent (dato/sign)  Approved (date/signature) Prosjektleder  Project leader 

 

Verifikatør  Verifier 

 

Godkjent  Approved by 
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laboratorietester og verkstedsarbeid Perleporten 

APPENDIX  Bakgrunn - Background 
 
  Sannsynlighet vurderes etter følgende kriterier: 
Probability shall be evaluated using the following criteria: 
Svært liten Very unlikely 

1 
Liten Unlikely 

2 
Middels Probable 

3 
Stor Very Probable 

4 
Svært stor Nearly certain 

5 
1 gang/50 år eller sjeldnere  Once per 50 years or less 1 gang/10 år eller sjeldnere  Once per 10 years or less 1 gang/år eller sjeldnere  Once a year or less 1 gang/måned eller sjeldnere  Once a month or less Skjer ukentlig  Once a week  Konsekvens vurderes etter følgende kriterier: 

Consequence shall be evaluated using the following criteria: 
Gradering  

 Grading 
Menneske  

 Human 
Ytre miljø, Vann, jord og luft 

 Environment 
Øk/materiell  

 Financial/Material 
Omdømme 
 Reputation 

E 
Svært Alvorlig  Very critical Død  Death 

Svært langvarig og ikke reversibel 
skade  Very prolonged, non-reversible 

damage 
Drifts- eller aktivitetsstans >1 

år.  Shutdown of work >1 year. 

Troverdighet og respekt 
betydelig og varig 

svekket  Trustworthiness and 
respect are severely 

reduced for a long time. 
D 

Alvorlig  Critical 
Alvorlig personskade. 

Mulig uførhet.  May produce fatality/ies 

Langvarig skade. Lang 
restitusjonstid 

 Prolonged damage. Long recovery time. 

Driftsstans > ½ år 
Aktivitetsstans i opp til 1 år 

 Shutdown of work 0,5-1 year. 

Troverdighet og respekt 
betydelig svekket  Trustworthiness and 

respect are severely 
reduced. 

C 
Moderat 

 Dangerous 

Alvorlig personskade.  Permanent injury, may 
produce serious health damage/sickness 

Mindre skade og lang 
restitusjonstid  Minor damage. Long recovery time 

Drifts- eller aktivitetsstans < 1 
mnd  Shutdown of work < 1 month. 

Troverdighet og respekt 
svekket  Troverdighet og respekt svekket. 

B 
Liten  Relatively 
safe 

Skade som krever medisinsk behandling  Injury that requires 
medical treatment 

Mindre skade og kort restitusjonstid  Minor damage. Short recovery 
time 

Drifts- eller aktivitetsstans < 1uke  Shutdown of work < 1 week. 

Negativ påvirkning på 
troverdighet og respekt  Negative influence on 

trustworthiness and 
respect. 

A 
Siker - Safe 

 
 Injury that requires first 
aid 

 
 Insignificant damage. Short 
recovery time 

 
 Shutdown of work < 1day 
 

 

     
 
Risikoverdi = Sannsynlighet X  Konsekvenser  
Beregn risikoverdi for menneske. IPM vurderer selv om de i tillegg beregner risikoverdi for ytre miljø, 
økonomie/ material og omdømme. I så fall beregnes disse hver for seg. 
 
Risk = Probability  X  Consequence 
Calculate risk level for humans. IPM shall evaluate itself if it shall calculate in addition risk for the 
environment, economic/material and reputation. If so, the risks shall be calculated separately. 
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Risikomatrisen 
Risk Matrix 
 
I risikomatrisen er ulike grader av risiko merket med rød, gul eller grønn: 
 
Rød: Uakseptabel risiko. Tiltak skal gjennomføres for å redusere riskoen. 
Gul: Vurderingsområde. Tiltak skal vurderes. 
Grønn: Akseptabel risiko. Tiltak kan vurderes ut fra andre hensyn. 
Når risikoverdien havner på rødt felt, skal altså enheten gjennomføre tiltak for å redusere risikoen. Etter at tiltak 
er iverksatt, skal dere foreta ny risikovurdering for å se om risikoen har sunket til akseptabelt nivå. 
 
For å få oversikt over samlet risiko: Skriv risikoverdi og aktivitetens IDnr. i risikomatrise (docx) / risikomatrise 
(odt). Eksempel: Aktivitet med IDnr. 1 har fått risikoverdi 3D. I felt 3D i risikomatrisen skriver du IDnr. 1. Gjør 
likedan for alle aktiviteter som har fått en risikoverdi. En annen måte å skaffe oversikt på, er å fargelegge feltet 
med risikoverdien i skjemaet for risikovurdering. Dette tydeliggjør og gir samlet oversikt over riskoforholdene. 
Ledelse og brukere får slik et godt bilde av risikoforhold og hva som må prioriteres. 
 
In the risk matrix different degrees of risk are marked with red, yellow or green; 
 
Red: Unacceptable risk. Measures shall be taken to reduce the risk. 
Yellow: Assessment Area . Measures to be considered. 
Green: Acceptable risk. Measures can be evaluated based on other considerations. 
When a risk value is red, the unit shall implement measures to reduce risk. After the action is taken, you will 
make a new risk assessment to see if the risk has decreased to acceptable levels. 
 
To get an overview of the overall risk: Write the risk value and the task ID no . the risk matrix ( docx ) / risk 
matrix ( odt ) . Example : Activity with ID no . 1 has been risk value 3D. In the field of 3D risk matrix type ID 
no . 1 Do the same for all activities that have been a risk . Another way to get an overview is to color the field of 
risk value in the form of risk assessment . This clarifies and gives overview of the risk factors . Management 
and users get such a good picture of the risks and what needs to be prioritized. 
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_______________________________________________________________ 
 
Til Kolonnen Korrigerende Tiltak : 
Tiltak kan påvirke både sannsynlighet og konsekvens. Prioriter tiltak som kan forhindre at hendelsen inntreffer, 
dvs sannsynlighetsreduserende tiltak foran skjerpende beredskap, dvs konsekvensreduserende tiltak. 
 

 
Corrections can influence both probability and consequence. Prioritize actions that can prevent an event from 
happening. 

_______________________________________________________________ 
 
Oppfølging: 
Tiltak fra risikovurderingen skal følges opp gjennom en handlingsplan med ansvarlige personer og tidsfrister. 
 
Follow Up Actions from the risk evaluation shall be followed through by an action plan with responsible persons and time 
limits. 
 
Etterarbeid # 

124



Appendix E Safety and Evaluation of Activities in the Laboratory and Workshop

Rev. 09  Nov 2013    Page 9 of 7

 
 Gå gjennom aktiviteten/prosessen på nytt. 
 Foreta eventuell ny befaring av aktiviteten/prosessen for enten a) å få bekreftet at risikoverdiene er 

akseptable eller b) for å justere risikoverdiene. 
 Gå gjennom, vurder og prioriter tiltak for å forebygge uønskede hendelser. Først skal dere prioritere tiltak 

som reduserer sannsynlighet for risiko. Dernest skal dere ta for dere tiltak som reduserer risiko for 
konsekvenser. 

 Tiltakene skal føres inn i handlingsplanen. Skriv fristen for å gjennomføre tiltaket (dato, ikke tidsrom) og 
navn på den / de som har ansvar for tiltakene. 

 Foreta helhetsvurdering for å avgjøre om det nå er akseptabel risiko. 
 Ferdig risikovurdering danner grunnlag for å utarbeide lokale retningslinjer og HMS-dokumenter, 

opplæring og valg av sikkerhetsutstyr. 
 Ferdig risikovurdering og eventuelle nye retningslinjer gjøres kjent/tilgjengelig for alle involverte. 
 Sett eventuelt opp kostnadsoverslag over planlagte tiltak. 
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