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Abstract

This thesis is aimed at understanding the stability of carbon fiber composite pipe under the effects
of vacuum and ionizing radiation. General information about vacuum,radiation, carbon
fiber,composites, pipe under mechanical loading, strain gauges and selection methods are
presented. Essentially, carbon fiber composite pipes manufactured from COMPOTECH with
applied strain gauges are evacuated using a vacuum pump and irradiated by TR-24 Cyclotron in
Nuclear Physics Institute Irradiation chamber, the experiment includes a control pipe for reference
purposes. Data from strain gauges is processed using MATLAB, FEA (Finite Element Analysis) is
done through ABAQUS to model composite material stresses and experiment is repeated in CTU
labs after radiation dose decreases to safe levels to check effect of strain gauge responses before

and after irradiation by subjecting the pipes to vacuum pressures only.
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1. Introduction
Understanding material’s behavior under the conditions of operation and environment is a crucial

step in ensuring the safe operation of a part and its service lifetime. The motivation behind this
thesis is the increase of applicationsadopting carbon fiber composite parts. This thesis targets a
carbon fiber composite pipe that is planned to be used in an accelerator facility.

Where the experiment is focused on subjecting the carbon fiber (CF) composite pipe to vacuum
and ionizing radiation. The ionizing radiation dosage may cause some changes in the
microstructure of the material and due to the aging from radiation damage, possible alterations in
the mechanical properties of the part can occur affecting its service lifetime. In addition to the fact
that the pipes are long and subjected to high vacuum pressure they are susceptible to buckling

which is not a well-known phenomenon in composite materials.

Firstly, a literature search is described about Particle accelerators and their necessity of vacuum
followed by an introduction about Vacuum, Vacuum pumps, and effect of vacuum on materials.
Additionally, radiation concept, ionizing radiation, and its damage on materials. Along with brief
description about materials applied in particle accelerator facilities. Moreover, an introduction to
composite materials as it became a modern-day replacement for conventional materials and
specially carbon fiber composites considering their growing rate in different applications utilizing

their remarkable properties including its advantages and disadvantages.

Furthermore, a description of typical manufacturing methods for composite materials and an
overview of carbon fiber, types, properties, production, and rationale of composite material
replacement to conventional is presented. In addition to composite pipe, thin and thick wall
cylinder stress theory is stated. With regard to the experiment performed, strain gauges selection,
types, configuration along with errors compensation is described summing up the literature review
of this thesis.

Lastly, a demonstration of the experiments performed with steps involving application of strain
gauge, assembly of covers, evacuation of the assembly, radiation source specification, experiment
set up and plots of filtered data obtained from strain gauge outputs. In conclusion, three sets of data
are acquired wherestresses due to internal vacuum pressure and outside ambient pressure is
analyzed through finite element analysis (FEA) as well as buckling analysis.Along with critical

buckling pressure witha theoreticalapproachincluding dimensional deformations.



2. Literature Review

2.1. Particle Research Facilities (Particle accelerators)
A particle accelerator is a machine that raises the energy of small particles like electrons or protons.

Fundamentally, particle accelerators create charged particle beams that can be applied to a variety
of scientific research purposes. Particle accelerators can be divided into two categories: linear
accelerators and circular accelerators. Particles are propelled down a linear, or straight, beam line,
by linear accelerators.While in circular accelerators particles are propelled in a circle. While
circular accelerators can be utilized for both colliding beam and fixed tagret studies, linear

accelerators are employed for fixed-target investigations. [55].

RF cavities

Deflecting

magnets Focusing

magnets

Extractionsmagnets Injectionsmagnets

RF cavities

Figure 1: Typical Components of a circular accelerator , RF (Radio-frequency) cavities [56].

Particle beam

RF oscillator

Drift tube

Vacuum chamber

lon source

Particle accelerates
between tubes

Figure 2: Linear accelerator with charged tubes [57].
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Particle beams are directed and concentrated by magnetic fields, while particle acelerators use
electric fields to accelerate and boost the energy of the beam. The protons or electrons that need to
be accelerated come from the particle source. The metal beam pipe carries the particle beam as it
moves through vacuum. In order for the particle beam to move freely, there needs to be no air or

dust in the area of travel[55].

The beam of particles is directed and focused by electromagnets as it passes through the vacuum
tube. Radiowaves are produced when the electric fields positioned around the accelerator switch
from positive to negative at a specific frequency, accelerating particles in bulks. Two particle beams
can collide or be directed at a fixed target, such as a thin strip of metal foil. Particle detectors
capture and reveal visible radiation and particles created when a beam of particles collides with a
target [55].

2.2. Vacuum

Vacuum is defined as a partially empty space, where some of the air and other gases have been
removed from a gas containing volume. In other terms, vacuum is any volume containing less gas
particles, atoms, and molecules (lower particle density and gas pressure), than there are in the
surrounding outside environment. Hence, vacuum is the gaseous environment at pressures lower
than atmospheric level.A characterization of vacuum can be made by measuring the force per unit
area where particles are in constant motion when they are contained, hitting the walls of the
container and this force per unit area is known as pressure. By comparing the pressure caused by
the contained particles to the atmospheric pressure, one can determine the number and the intensity

of particle impacts on a unit of surface area [58].

In Figure 3, Absolute, gauge, atmospheric and vacuum pressures are depicted by lines to show the
difference of the pressures and how they are achieved. Initially, the zero reference to a perfect
vacuum is known as absolute pressure which exists in the air free space of the universe denoted by

Abs. Absolute pressure is the sum of gauge pressure and atmospheric pressure [59].
Paps = Pgauge + Patm

Gauge pressure (Fyqq.ge) is the pressure zero referenced against ambient pressure. Also known as

overpressure. Gauge pressure is positive whenever it is higher than atmospheric pressure and

negative when lower [59].
Pgauge = Paps — Patm

Atmospheric pressure is known as the pressure exerted by the weight of the atmosphere also
referred to as ambient pressure (pressure around any person on earth). The standard value of air

pressure at sea level is approximately 101,325 Pa. Finally, as mentioned before the vacuum
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pressure is the pressure below atmospheric pressure measured by vacuum gauges, indicating the

difference between atmospheric pressure and absolute pressure [59].

Braccum = Patm — Paps  OT Braccum = _Pgauge

a
Pgauge

Atmospheric

A Pressure

Patm + Pgauge - Pgauge
= Pabs
Patm | ====ccccccee--.

vaccum point where

P = Oatm

Figure 3: Absolute, Gauge, Atmosphere, and vacuum pressure [59].

Evacuation is the process of emptying a physical space of any gas until a desired target pressure is
reached. In Most Industrial cases this gas is ambient air [61]. Different levels of vacuum are
achievable by different pumps and the levels of industrial vacuum systems can be classified into

the following groups [62]:

e Rough/Low Vacuum: 1000 to 1 mbar
e Fine/ Medium Vacuum: 1 to 10 mbar
e High Vacuum: 10°to 10" mbar

e Ultra-High Vacuum: 107 to 10! mbar

e Extreme High Vacuum: < 10" mbar

Vacuum pressure is measured relative to ambient atmospheric pressure [63]. Absolute pressure is
not the same as vacuum pressure as it is measured with respect to an absolute zero point. On the
other hand, Vacuum pressure is expressed negatively with respect to atmospheric pressure [64].
Pressure sensors are used in many applications like automotive, medical, industrial, and building
devices as they rely on precise and stable pressure measurements to operate reliably [65]. A
pressure sensor has a measuring cell that transduces mechanical strain due to pressure applied and
transmutes the force into an electrical signal which can then be scaled into pressure units. Whether
pressure in a pipe, duct or hose applied force on the measuring cell of a sensor causing deflection

which is measured by the electrical circuit and hence the output is recorded [66].

The Most prevailing method of creating a vacuum is by pumping gas out of a vessel that is initially
at atmospheric pressure. There exist many ways of pumping on a vessel, nevertheless all of them

have a limiting pressure below which they are ineffectual. The lowest achievable pressure by a
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particular pump is called the ultimate pressure of the pump. Some pumps also have a limiting
pressure (> 1 atm) above which they are ineffective. Therefore, such pumps are preceded by
another pump called a forepump which achieves the pressure in the vessel within the operating
range. Usually pumps which require a fore pump require a backing pump as well. The backing
pump is used to extract residual gases from the main pump to keep it at low enough pressure to

operate. The pressure of the backing pump is known as the backing pressure [61].

Different Pumps will evacuate a vessel in different ranges of time. The time for a pump to achieve
its ultimate pressure relies on not only the type of a pump, but also the volume of the vessel to be
evacuated and the size of the tubing connecting the pump to the vessel. The pump down speed (S)
of a complete vacuum system (Pump +tubing +vessel) is defined by [61]:

Where Q is the volume of the gas leaving the system per unit of time, and P is the pressure of the
system. There are two basic categories of vacuum pump: Gas transfer pumps and entrapment or
capture pumps (see figure 4) [62].

VACUUM PUMP

GAS TRANSFER PUMP ENTRAPMENT PUMP

KINETIC POSITIVE DISPLACEMENT

Figure 4: Classification of vacuum pumps [62]

2.2.1. Principle of Vacuum pumps

The basic operating principle of industrial vacuum pumps is comparatively the same when it comes
to different types of pumps. Vacuum pumps extract air molecules (and other gases) from the
vacuum chamber (or the outlet side in the case of a higher vacuum pump connected in series). As
the pressure in the chamber is reduced, removing additional molecules becomes increasingly harder
to remove. Therefore, industrial vacuum systems should be able to operate over a portion of a large
pressure range, depending on the level of vacuum needed the vacuum pump selection is based on

the effective operating range of the pump [68].
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Figure 5: Typical industrial vacuum system[68]

Kinetic transfer pumps work on the principle of momentum transfer. Guiding gas towards the
pump outlet to provide an increasing probability of molecule traveling towards the outlet via high-
speed blades or instigated vapor. Kinetic pumps can achieve high compression ratios at lower
pressures but does not have sealed volumes. On the other hand, Positive displacement pumps
operate mechanically by enclosing a volume of gas and moving it through the pump. They are
usually designed with multiple stages on the same drive shaft. The separated volume is compressed
to an even smaller volume at a higher pressurewhere the compressed gas is expelled to the

atmosphere [68].

Entrapment pumps seize the gas molecules on the surfaces within the vacuum system [68]. This
type of pump operates at lower flow rates than transfer pumps but can provide ultra-high vacuum to
10711 mbar and produce an oil-free vacuum. Entrapment pumps operate utilizing cryogenic

condensation, ionic reaction or chemical reaction and have no moving parts [68].

2.2.2. Effect of Vacuum on materials

When a material is exposed to high vacuum, there are two effects which require main consideration
[67]:

I.  The enhancement of sublimation and evaporation processes.

Il.  The removal of physically adsorbed layers of gas from the surface of the material.

The ancillary effects on subsurface transport should be considered even though they are less
important. Any material, especially organic materials like polymers and plastics, is more severely
impacted by vacuum conditions when thermal variables are added (i.e., thermal cycling between 0
and 100 °C). Furthermore, there are at least two general methods in which the release of adsorbed

gases and vapors might speed up the deterioration of materials. First, by altering concentrations or
14



creating color centers, desorption can have a direct impact on a material's optical characteristics.
Second, the passage of gases through the material (diffusion) may result in structural flaws like
cracks and pores or it may disrupt the contact between the surface material and the substrate.
Another observation was the acceleration of chemical activity in vacuum, which makes sense given
the absence of a protective surface coating to prevent oxidation. In addition, molecular
oxygenisalready dissociated by the ultraviolet space into atomic oxygen which is more reactive

than molecular version [67].

The actual process of evaporation is fundamentally a true surface phenomenon, even though its rate
may be controlled by other factors. Since evaporation is from localized planes of high surface
energy which tends to be greater than that of points with lower surface energy, microscopic etching
of the surface occurs. This can be most detrimental in the case of thin metallic films, however,
because of the self-balancing of surface-tension forces and grain-boundary energies the problem is
not particularly severed in bulk materials but can cause stress concentration problems and
eventually crack initiation. In most metals, sublimation losses are negligible. However, the
extraction of surface layers of gas, especially oxygen, may seem to be very beneficial to the
mechanical properties of the metal in some cases. In other instances where oxide films can move
into incipient cracks and thus promote crack growth, it may be expected that the lack of oxygen on
the surface may decrease the risk of crack growth and therefore result in greater fatigue life. Other
effects such as changes in surface energy and internal diffusion in the vicinity of a stress

concentrator may become significant at extremely low pressures [67].

2.3. Radiation

The definition of the ability to do work is energy [73], radiation is a form of energy transmitted
from a source and travels via speace at the speed of light including an electric field and a magnetic
field analgous to it giving radiation wave-like properties [75]. There are two types of radiation :
non-ionizing radiation and ionizing radiation. Non-ionizing radiation has energy giving it the
capability to cause vibrations on atoms of a molecules or move them around within the molecule.
Visible light, infrared rays, microwaves and radio waves are examples of non ionized radiation
[73].

lonizing radiation has enough energy to knock electrons outside an atom, this process is known as
ionization. Atoms in living things can be affected by ionizng radiation, hence making it a health
risk through damaging tissues or altering DNA in genes [75]. Alpha, beta , gamma and x-rays are
examples of lonizing radiation. lonizing radiation can be categorized as electromagnetic or particle
radiation [73].

The term "electromagnetic spectrum” refers to the whole distribution of electromagnetic radiation
according to frequency or wavelength. Although all electromagnetic waves have a broad range of
frequencies, wavelengths, and photon energies, they all move at the speed of light in a vacuum. The

15



electromagnetic spectrum comprises the entire range of electromagnetic radiation and is divided
into numerous subranges, generally known as portions, like visible light and ultraviolet radiation
[74].

The various portions have different names depending on variations in the emission, transmission,
and absorption of the corresponding waves as well as on the many practical uses for which they are
put to use. The ranges frequently overlap since none of these contiguous segments have clear,
established borders. the full range of electromagnetic radiation, from lowest to highest frequency
(longest to shortest wavelength), which includes all radio waves (such as those used in microwaves,
radar, commercial radio, and television), as well as visible light, ultraviolet light, X-rays, and
gamma rays. Spectroscopy can be applied to almost all electromagnetic radiation wavelengths and
frequencies [74].

Wavelength in meters (m)

107 4o 90% 10 4o 0% 0% 962 1 102 10* 10° 10°
L 1 1 1 1 1 1 I 1
=
UV IR Radio waves
Visible light

400 500 600 700
(violet) (red)

Wavelength in nanometers (nm)

Figure 6: Components of electromagnetic spectrum[69]

2.3.1. lonizing radiation and public exposure

lonizing radiation is a type of energy that affects atoms and molecules of substances like air, water,
and living tissue by removing electrons from them. These materials are permeable to invisible
ionizing radiation. lonizing radiation is in the radio waves group, which includesx-rays, alpha ,beta
particles, and gamma rays, on the extreme right side of the electromagnetic spectrum. A common
exampleof ionizing radiation is that of x-rays which can pentrate our body and reveal pictures of
our bones. The term “ionizing” refers to the unique capability to remove electrons from atoms and
molecules in the matter through which they pass. “lonizing” activity can alter molecules within the
cells of our body. That action may cause eventual harm (such as cancer). Intense exposure to

ionizing radiation may produce skin or tissue damage [71].
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Generally, we are surrounded by radiation. Inside, outside, and above the planet we live in. It is a
natural energy force that exists around us, being part of our natural world ever since the birth of
Earth. All living beings, ever since the beginning of time have been and will still be exposed to
ionzing radiation. Sources of ionizing radiation can come from very high temperatures, through
acceleration of charged particles in electromagnetic fields, nuclear reactions and nuclear decay.

Typically, there are two wide categories of radiation sources [72]:

1. Natural Background Radiation, which includes radiation generated from lightnings, the

sun, primoridial radioisotopes or even supernova explosions etc.

2. Man-made sources of radiation, which includes medical utiliziation of radiation, residues

from nuclear reactors or tests, industrial uses of radiation etc.

Since radiation can cause possible harm when humans are exposed to high doses of radiation
measured in mSv (millisievert), after expositon of the pipes in this thesis’s experiment to radiation
they have to be stored safely until their dose decreases to safe levels . Figure 7, below shows

radiation exposure levels that can be fatal when increased.

Exposure measured in mSv

10,000
Fatal within weeks

6,000
Typical dosage recorded in those Che'rnobyl workers who died within a month
5,000
Single dose which would kill half of those exposed to it within a month

1
Single dose which could cause rad'iation sickness, nausea, but not death

400

Max radiation levels recorded at Fukushima plant 14 March, per hour

350

Exposure of Chernobyl residents who were relocated

100

Rec ded limit for workers every five years

Dose in full-body CT scan
Airline crew NYC -Tokyo polar route, annual

Natural radiation we're all exposed to, per year

1.02

Radiation per hour detected Fukushimia site, 12 March

0.4

Mammogram breast x-ray

0.1

Chest x-ray

0.01

Dental x-ray

SOURCE: WNA, RADIOLOGYINFO.ORG, REUTERS

Figure 7: Comparison of radiation exposure levels [90]

2.3.2. Radiation Damage on Materials

Whenever a material is selected for application in a radioactive environment (i.e. ion research

facilities, particle accelerators , nuclear power plant etc..) the effect of radiation on the material is
17



of major interest. Radiation can lead to segregation and diffusion of atoms within materials, leading
to phase segregation and voids as well as enhancing the effects of possible stress corrosion
cracking [70] .

One of the consequences of interactions with high energy particles (photons, neutrons, ions or
electrons) with crystalline materials is the formation of lattice defects resulting from the energy
transfer to the atoms. Figure 8, demonstrates the process of damage initiation in a displacement
cascade triggered by a neutron or an ion. This damage, and its evolution with time, determines the
macroscopic response of a material to radiation. The damage production is divided into two
categories [70]:

e Primary damage that is formed immediately (within few picoseconds) after the
ion/neutron/electron impact by atomic collision processes far from thermodynamic

equilibrium.

e Long time scale (hanoseconds to years) damage evolution caused by thermally activated
processes.

If a material is irradiated under extremely low temperature condition such as less than 10K, almost
all defects created by radiation are motionless.In such a case the long term damage may be
approximated only by the superposition of many primary radiation damage events like the build up
of the athermal damage production. In the majority of practical situations such as nuclear power
plants for example, the exposure temperatures are sufficiently high for thermally activivated
motion of defects, leading to clustering, precipitating , segrergating at dislocations and grain
boundaries.Micro and often nano structural evolutions may lead in the long run to significant
change of thermo-mechanical properties of materials: typically hardening and embrittlement, as
well as swelling , irradiation creep and other degradation processes [70].

Energy (eV)

® 0.01-
® 0.0237-
© 0.0562-
@ 0.133-
@ 0.316-
® 0.75

Figure 8: Displacement cascade initiated by neutron or ion impact[70]
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Note that in figure 8 above the circles indicate the atom positions in a 1 unit cell thick cross-section

through the center of the simulation cell, and the color scale is the kinetic energy of the atoms.

We can notice that a very large number of atoms is initially displaced, but when the cascade cools
down, almost all of them return to perfect crystal postions. This is due to the athermal
recombination effect. However, many atoms of the material do not return to the same position they

started in, hence the number of atom replacements is much larger than the defects produced [70].

In polymeric materials,high energy radiation generates ionization and excitation in polymer
molecules. Leading the high energy molecules to experience abstraction, dissociation and undergo
additional reactions leading to chemical stability. The stabilization process can occur in any period
of time whether immediately after, or days, weeks or even months after irradiation. Resulting in
physical and chemical chain scrission or cross-linking. Which can lead to degradation of the

polymer’s main chain [91, 92].

Radiation ordinarly affects polymers in two basic modes, both generated from excitation or
ionization of atoms. The two modes are chain scission, a random fracture of bonds leading to
reduction of the molecular weight (i.e, strength) of the polymer, and cross-linking of the molecules
which generates a large three-dimensional molecular network [91].

When a polymer is exposed to irradiation by ionizing radiation like x-rays, gamma rays or
accelerated electrons different effects can be predicted from the ionization that takes place. As the
ratio of outcome recombination, cross-linking and chain scrission will differ from polymer to
polymer and to some extent from part to part based on the chemical composition and structure of

the polymer , the total radiation dose impacted and the duration of exposition [91].

2.4. Materials used in Particle accelerators

Design and innovation are fundamentally reliant on choosing the best material for a given
application. The quality of an engineering design is limited by the materials that are available to an
engineer. Nuclear applications must consider a material's nuclear physics properties in addition to
its chemical, physical, and electronic qualities. Conventional applications are primarily concerned
with material’s chemical, physical, and electronic properties. The extra limitation in nuclear
materials engineering presents both challenges and opportunities for the field of material science
[76].

Particle accelerators pose harsh conditions that its components materials should be able to endure
to reliably operate and avoid compromising particle production efficiency by limiting the beam
parameters [78]. As mentioned earlier, for the beam of particles to travel unobstructed,there needs
to be no air or dust in the area of travel hence the beam pipe needs to have most minimalistic
effects of vacuum on the material.In numerous accelerator beam lines and target facilities,

Beryllium is currently the material of choice for important accelerator components including beam
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windows and secondary particle production targets.The rationale of the use of Beryllium for such
components is its transperancey to particles, high specific stiffness and suitability with ultra-high-

vacuum [79].

Beampipes present the most intimate interaction between the particle accelerator and experiments
when running .In circular accelerators , where two beams of particles counter-rotate inside a
continous vacuum chamber ring and collide secondry particles are produced. All of the secondry
particles percieved by the experiment pass first through the beampipe [79]. Unwanted signals in the
detectors and activation of the beampipe material is caused when particles interact with the material
of the beampipe.These interactions are characterized by the property of radiation length (X,),
which is the distance a particle travels befoe losing 1/e of its energy . This distance is inversely
proportional to the product of density and atomic number hence materials with low atomic number
and density are required to reduce such interactions . Chambers that are Thin-walled with few
mechanical supports reduced these interactions, indicating that higher the elastic modulus leads to

lower intteractions [80].

A demonstration of efficiency has been established considering different materials for an
application considering a cylinderical , simply supported evacuated chamber which is equal to
Xo EY/3. Table 1 shows these values for potential materials, where CFC (Carbon Fiber Composite)
being a typical high modulus material and Be-Al which is a 62 % beryllium alloy. We can see that
the material choice for these chambers is beryllium but on the other hand, beryllium is quite
expensive to produce and has safety regulations when it comes to its usage. Therefore, applications

are limited to critical areas specifically in the vertex region where the two beams collide [80].

Material E (GPa) X, (m) X, E"”
Be 290 0.353 2.34
CEC 200 0.271 1.58
Be-Al 193 0.253 1.46
Al 70 0.089 0.37
Ti 110 0.036 0.17
Fe 210 0.0018 0.11

Table 1: Figures of Merit for Transparent Beampipes [80]

Moreover, Beam collimators which are devices that focus and direct beams in one direction [81],
are made using tungsten (W) alloys. Tungsten poses high density 19.3 (g/cm3) and extremely
high melting point up to 3420 °C which make them suitable as well for shields [82,81].
Remarkable properties of tantalum (Ta) and niobium (Nb) metals make them suitable for
superconducting material to create the electromagnetic fields that steer and accelerate the charged

particles to exceedingly high speeds [83].
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Particle accelerators release radiation when in operation and can produce radioactive
waste. Nevertheless, rules and good safety practices make sure that operators and the

public are safe when particle accelerators are running [77]

2.5. Composites

Composite Materials also referred to as “composites”, whether engineered or naturally occurring
materials they consist of two or more constituent materials with remarkable different physical or
chemical properties that remain separate and distinct at the macroscopic or microscopic scale
within the finished structure [10]. Usually, the constituent materials are of different phase and when
combined enhanced properties that cannot be met by a single-phase material is achieved. The
constituents are classified in 3 subclasses, including particles, fibers, and structural base [11].

Figure 9: Classification of polymer composites[11]

Most composites are composed of a bulk material and a reinforcement material, generally fibers.
The reinforcement materials usually have extremely high tensile and compressive strength, but
since they are anisotropic which means it has different strength and stiffness in different directions

through the material these theoretical values are not achieved in structural form alone [12].

2.5.1. Carbon Fiber Reinforced Polymers (CFRP) Composites

CFRP is a strong, lightweight material where CF is used as reinforcement with a resin matrix.
Elevated stress capacity, durability, and best strength to weight ratio promotes it being the most
reliable and efficient material in constructional engineering [14]. Continuous fibers in polyester or
epoxy matrix provides peak performance. The process variables are what can be changed to vary
the stiffness and strength of the CF and hence they are available in high modulus and intermediate
modulus form [15]. Fibers convey the mechanical loads, while the matrix material transmits loads
to the fibers and facilitatingductility, toughness, as well as protecting the fibers from damage
caused by handling or the environment. The service temperature and processing conditions is

limited by the matrix material [13].

Manufacturing Fiber-reinforced polymers (FRP) is a skill demanding and labor-intensive process

that can be achieved in both one-off and batch production. Generally, in FRP production, the
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continuous straight fibers are joined in the matrix to form individual plies, which are laminated
layer above layer onto the final product. The composite properties are influenced by the materials
as much as the laminating process as the way the fibers are incorporated strongly influences the
performance of the part. The thermoset resins are shaped together with the reinforcement in a tool
or mold and cured to form a sturdy product [16]. There are several existing laminating techniques

available in this chapter common general techniques are discussed.

2.5.2. Advantages and Disadvantages CFRP

The well known benefit of CFRP is its strength-to-weight ratio.This characteristic is of major
importance in cases where the weight of the object produced has a remarkable influence on its
performance. For example, it facilitates light manfacturing vehicles which can use a less powerful
engine and save more fuel. CFRP surpasses steel in strength and stiffness. To be accurate, discrete
quantity of CFRP will be as strong as steel which amounts 20% of its wieght [23] .Secondly, CFRP
is distinguished by radiolucence which means they are transparent to x-rays allowing earlier
detection of postoperative complications and local recurrence [24].Thirdly, is the atypical
durability. The structure and qualities of the material provides the stability and endurance of harsh
environment conditions.Nevertheless, CF material is known for its low thermal expansion which
influences the stability of the material. This characteritic matters when small changes of position
mater [24].

Even though we have multiple advantages of CFRP, there are various drawbacks of this material
that restricts the scope of applying it significantly. Most importantly, cost of the composite material
is relatively high. As Manufacturing of CFRP is an intricate process that demands advanced
technical equipment which on the other hand will result in high repair cost in case of damages as
the process of renovation is complex due to the structure of the material. Each damaged fiber
cannot be repaired and hence all the piece of plastic becomes not suitable for use.The cost of the
material depends on factors like market situation, fiber tow size, and type of CF.Adding to that,
another drawback would be the brittleness of CFRP. Even though the surface of an object may
remain unaltered, inner structure can disintegrate in case of damage when being hit.Therefore,

additional safety measures are required during when considering an application of CFRP [24].

2.5.3. Hand Lay-up Process

To fabricate FRP, Hand layup is a well-known technique and oldest open molding method for
fabricating composites. At first, dry fibers in the form of woven, knitted, stitches, or bond fabrics
are manually placed in the mold, and a brush is used to apply the resin matrix on the reinforcing
material. Subsequently, hand rollers are used to roll the wet composite to ensure an enhanced
interaction between the reinforcement and the matrix, to facilitate a uniform resin distribution, and

to obtain the required thickness. Finally, the laminates are left to cure under standard atmospheric
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conditions. Generally, this process is segmented into four steps: mold preparation, gel coating, lay-
up, and curing. Curing is the process of hardening the fiber-reinforced resin composite without
external heat. A pigmented gel coat is first applied to the mold surface to obtain a high-quality

product surface [17]

The hand lay-up fabrication process is mainly used in marine and aerospace structures.Despite the
flexibibility in design and easy application, it is not suitable for cylindrical FRP structures such as

piping pipeline, tube, casing as well as a pressure vessel [17].

Woven reinforcement Gel coat

o

Resin

Figure 10: Hand lay-up schematic [17]

2.5.4. Filament Winding Process

A more optimized fabrication method is introduced known as filament winding. This method is

either fully or semi-automated depending on the design of the cylinderical structure [18].

~

Transverse ,

Mandrel
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Comb device

Fibre spools

Figure 11: Schematic diagram of filament winding technique [19]

Filament winding is the process of winding advanced fiber or resin impregnated glass around a
rotating mandrel, to form a composite structure. By using various fibers , resins and associating
different winding techniques, filament winding creates high fiber loading with directional strength
properties as it provides a high degree of manipulation over uniformity and fiber
orientation.Filament winding process is suitable for highly orchestrated structures and is able to
meet stern tolerances when it is computerized, the project conditions affecting productivity for

filament winding is lower than that of other open molding processes.The Process is initiated by
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having a continous strand roving that is fed through a resin bath and wound onto a rotating
mandrel. The mobile feed runs on a trolley that travels the length of the mandrel. The filament is
laid down in a prearranged geometric pattern to provide maximum strength in the directions
required. When enoough required layers have been applied, the laminate is cured on the mandrel.
The molded part is then taken off the mandrel [20].

Equipment are available for filament winding on a regular basis with axis winding for pressure
cylinders. Filament winding can be merged with the chopping process and that is known as the
hoop chop process. The use of mandrels of specific suitable size and shape, made from steel or
aluminium, forms the inner surface of the hollow parts. Some mandrels are foldable to allow part

removal[20].

Hence, due to the mechanical restrictions , part shapes that are manufactured with filament winding
techniques are limited to mainly axisymmetric and round parts. The exact shape of the wound part
depends on the shape of the mandrel. Generally, three types of winding patterns are used [21] :

a) Circumeferencial or hoop
b) Helical

c) Polar

&

al )]

¢l

Figure 12:Schematic representation of three types of winding patterns; a) circumferential winding; b) helical winding; c)
polar winding[22]

The classification of the patterns of winding is based upon the winding angle a which is made with

the longitudinal axis as shown in figure 12. If the process has the winding angle near the 90° , then

it is hoop or cifumferential winding process. Helical winding has constant mandrel rotation while

carriage unit is moving with linear propagating motion. Polar winding is generally used for

fabrication of high pressure vessels since the fiber is wrapped from one end directly to another on

the mandrel, winding angle being close to 0° is requried in this pattern [22] .
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2.5.5. Injection Compression Molding and Reaction Injection Molding

There are typically two types of injection molding processes : the screw type injection where the
fiber resin mixture is moved toward the mold by the rotation of a screw, and the plunger type
injection process. A hopper recieves the mixed compound, which is then fed into a heated barrel.
With the aid of a rotating screw, the material’s viscosity decreases as it moves through the barrel.
After reaching the end of the barrel high pressure in the range of 14 to 20 MPa is applied to inject
the mixture into the mold. Depending on the product’s wall thickness, a holding pressure ( 50% of
the injection pressure) is also provided to prevent the mixture from flowing backward.Following
the product’s curing , the finished product is acquired after the mold is opened.To maintain good
mechanical characteristics , plunger type injection molding process is accepted as the screw cuts

off the fibers. The prodcution rate of this process is relatively higher than other processes [14].

(‘“[“T’f“im Hopper Chemical A Chemical B
Mold ~ Material | ' =
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(a) Injection compression molding (b) Reaction injection molding

Figure 13: Schematic diagram of injection molding and reaction injection molding process [14]

In reaction injection moldiong (RIM) , two monomeric or oligomeric chemicals are placed in two
seperate tanks and combined by injection with high pressure in a mixing chamber.The polymer
matrix is created when these vigoursly reactive compounds clash under pressures between 10 and
40 MPa [14].

2.6. Carbon fiber

Carbon atoms make up most carbon fibers, which have a diameter of about 5 to 10 um. Along the
axis of the fiber, parallel-aligned crystals of carbon atoms are linked together. The fiber's
remarkable strength-to-volume ratio is due to the crystal alignment. Materials reinforced with
carbon fiber are strong, lightweight, and have good shock absorption qualities. Carbon fibers, on
the other hand, have poor shear strength, and when the material cracks, the fibers fall out, causing
unpredictable results [1].While Graphite and carbon fiber both have sheets of carbon atoms
arranged in a regular hexagonal pattern alsoknown as Graphene sheets, the way these sheets
interlock in carbon fiber is different. In the crystalline substance known as graphite, the sheets are
uniformly arranged parallel to one another. Van der Waals forces, which in molecular physics are
comparatively weak attractive forces that act on neutral atoms and molecules as they emerge due to

the electric polarization that is caused in each of the particles by the presence of other particles, are
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the intermolecular forces between the sheets. Thus, this is what causes the soft and brittle features

of graphite [2, 3].

Carbon fibers havedistinct advantages such as high stiffness, high tensile strength, low weight, high

chemical resistance, high temperature tolerance and low thermal expansion. These properties made

carbon fiber renowned in aerospace, military, civil engineering, and motorsports. Nevertheless,

they are comparatively expensive when compared with similar fibers, like plastic fibers or glass

fibers[4].

2.6.1. Classification and types

Based on modulus, strength, and final heat treatment temperature, carbon fibers classification can

be summarized in the categories shown on the tables below [4]:

CF type Young’s Modulus (E)
Ultra-high modulus (UHM) E > 450 GPa
High — modulus (HM) 350<E<450 GPa

Intermediate modulus (1IM)

200 < E < 350 GPa

Low modulus (LM) and high tensile (HT)

E < 100GPa, Tensile strength (g;) > 3.0 GPa

Super high-tensile (SHT)

oy > 4.5 GPa

Table 2: Classification of carbon fiber types based on Mechanical properties

Type Number

High-heat-treatment carbon fibers
(HHT), heat
treatment temperature should be
2000°C this
corresponds with HM type fiber.

where the final

above and

Intermediate-heat-treatment

carbon fibers (IHT), where final
heat treatment temperature is
around or above 1500 °C and this

corresponds with HS type fiber.

Low-heat-treatment (LHT) carbon
fibers, where final heat treatment
temperatures do not exceed
1000°C. These are low modulus

and low strength materials.

Table 3: Classification of carbon fiber types based on final heat treatment

CF precursor fiber material

PAN (polyacrylonitrile) - based

Pitch-based carbon fibers

Mesophase pitch based

Isotropic pitch-based
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Rayon based

Gas - phase - grown

Mesophase pitch based

Table 4: Classification of carbon fiber based on precursor fiber material

2.6.2. Mechanical properties of Carbon Fiber

The parallel alignment of the carbon atoms that are bonded together in crystals along the axis of the
fiber is what leads to CF high strength-to-volume ratio. This property provides CF unique
characteristics like high stiffness, high tensile strength, low weight, high chemical resistance, and
low thermal expansion. They also have high surface-to-volume ratio and enhanced reactivity as
well as improved electrical properties.[6]

The most common precursor used today is PAN and carbon fibers extracted from it inhibit the
general average carbon fiber mechanical properties shown in table 5 [7]:

Mechanical Properties

Young’s Modulus (E) 200 — 399 GPa
Compressive Strength (o) ~ 3 GPa
Shear Modulus (G) ~ 15 GPa
Diameter of fiber 5—7 pm
Density (p) 1.75 - 2.00 g/cm?
Electrical Conductivity (y) 50,000 kg -m—3.s%A?
Thermal Conductivity (k) <10 W/mK

Table 5: Physical and Mechanical Properties of Carbon fiber[7]

Carbon and graphite materials are superior high temperature materials, where strength and
stiffness are preserved up to temperatures above 2500 K (see figure 14). A past study involved
various types of this material group and their specific high-temperature properties shows the
difference in their performance. This superioritybrought attentionto carbonfibers being
strongest form of carbon materials and to the carbon fiber reinforced composites (CFC) with
carbon matrix, the carbon/carbon composites, as the most advanced high-temperature material.
Moreover, CFC should not only be considered as a high-temperature material as in a
combination with a carbon matrix but more often in combination with polymers as new ideal

low-weight/high-stiffness structural material for general use [8].

Carbon Fiber reinforced polymers (CFRPs) are applied in a wide temperature range going from

cryogenic to room temperature and moderately elevated temperatures. Polymers started to be
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used in structural engineering materials because of carbon fiber reinforcement, where their

mechanical properties exceed those of the conventional metals [8].

S/MN m™?

Figure 14: Study by Fitzer and Heym (1978), S - Short term Strength (stress), of Carbon materials including CFRC
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compared with C/epoxy and metals.[8]

2.6.3. Manufacturing Carbon Fiberfrom PAN

The raw material that CF is extracted from is called the precursor. Most carbon fibers

approximately 90 % are made from polyacrylonitrile (PAN), the remaining 10 % are from rayon or

petroleum pitch. All these materials are organic polymers, characterized by long strings of

molecules bonded together with carbon atoms. The required composition of each precursor varies

from one company to another and is generally kept as a business secret. During the manufacturing

process different gases and liquids are employed, some of these substances are intended to interact

with the fiber to produce a certain required effect. Other substances are not meant to react or simply

prevented certain reactions with the fiber due to possible unwanted effects [4].
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Figure 15: Manufacturing Process of Carbon Fiber (PAN-based) [5]

Firstly, in spinning process the acrylonitrile plastic powder is combined with another plastic, such
as methyl acrylate or methyl methacrylate, and reacts with a catalyst in a conventional suspension
or solution polymerization process to form a polyacrylonitrile plastic. The plastic is then spun into
fibers using one of various methods. Indifferent methods, the plastic is mixed with specific
chemicals and pumped through tiny surges into a chemical bath quenching chamber where the
plastic thickens and solidifies into fibers. In alternative methods, the plastic mixture is heated and
pumped through tiny surges into a chamber where the solvents evaporate, leaving a solid fiber
residue. The spinning stage of processing PAN is crucial because this is where the internal atomic
structure of the fiber is configured during this process. The fibers are then washed and stretched to
required fiber diameter. The stretching aids alignment of molecules within the fiber and facilitates
the basis for the formation of tightly bonded carbon crystals after carbonization [5].

Secondly, after the fibers stabilize, they are heated to a temperature in the range of 1000 to 3000 °C
for some minutes in a furnace filled with a gas mixture that is free of oxygen to avoid burning at
elevated temperatures. The gas pressure inside the furnace is maintained higher than the ambient
outside air pressure and the spots in which the fibers enter and exit the furnace are tightly sealed to
keep oxygen from entering the chamber. As the fiber’s temperature elevate, they start to get lose
their non-carbon atoms, in addition to a few carbon atoms, in the form of several gases including
steam, ammonia, carbon monoxide, carbon dioxide, hydrogen, nitrogen, and others. As the non-
carbon atoms are ejected, the remnants of carbon atoms create tightly bonded carbon crystals that
are aligned parallel to the longitudinal axis of the fiber. In other processes, two furnaces operating

at two different temperatures are utilized to better control the rate of heating during carbonization

[5].
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Thirdly, post carbonizing the fibers surface does not bond well with the epoxy and other materials
used in composite materials. Therefore, to provide the fibers enhanced bonding properties, their
surface is subjected to slight oxidation. The inclusion of oxygen atoms to the surface provides
better chemical bonding properties and carves the surface to an extent roughing it up for better
mechanical properties. Oxidation can be done by dipping the fibers in various gases such as air,
carbon dioxide or ozone; or in different liquids such as sodium hypochlorite or nitric acid. The
fibers can also be coated electrolytically by making the fibers the positive terminal in a bath filled
with different electrically conductive materials. The surface treatment procedure should be
conducted with care and controlled to prevent the formation of small surface defects, such as pits,

which would result in fiber failure [5].

Ultimately, aftersurface treatment is sizing where the fibers are covered to protect them from
disfigurementduring winding or weaving. Coating materials are chosen to be compatible with the
adhesive used to form composite materials. Typical coating materials include epoxy, polyester,
nylon, urethane, and several others. The coated fibers are wound onto cylinders known as bobbins.
The bobbins are stacked into a spinning machine and the fibers are twisted into threads of various
sizes [5].
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Figure 16: Industrial Carbon fiber manufacturing process [9]

2.6.4. Rationale of Composite material use over conventional

Metal against plastic is a contreversial decision that has been a topic considered by companies for
many projects depending on the application and its environment. However, innovations in both
plastic materials and process capabilities, along with evolution in industry demands have closed

many of the physical and cost performance gaps that once existed between metal and plastic [84].

Several industries, such as aerospace, medical devices, and mass transit, are percieving the
potential of the evolved advantages of replacing large scale, interior , or enclosure metal parts with
plastic materials and manufacturing processes, such as thermoplastic materials and the plastic
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thermoforming process.In this subchapter some key aspect comparisons are mentioned to consider

for Metal versus plastic selection [84].

Initially, Weight is of major importance specially from the financial point of view as heavy weight
equals heavier costs. Fuel efficiency, maintenance costs, logistics, installation will experience
significant cost reduction along with decreased part weight.Refering to Table 6 one can see that this

is a major advantage that plastic has over metal with regard to specfic gravity [84].

Plastics / Composites Specific Gravity
Acetal copolymer 1.41
Acetal, 20% glass composite 1.55
High-impact ABS 1.03
Polycarbonate 1.19
Polyethermide 1.27
Polymethylpentene 0.83
Metals Specific Gravity
Aluminum 2.55-2.80
Carbon Steel 7.8
Cast Iron 7.03-7.13
Cast Rolled Brass 8.4-87
Copper 8.89
Stainless Steel 7.7
Titanium 4.5
Tool Steel 7.70-7.73

Table 6 : Metals and Plastic different specific gravity indicating difference in weight [84].

31




Note that the specific gravity (SG) is a dimensionless unit defined as the ratio of density of the
material to the density of water at a specified temperature.There is a variety of alloys and grades for
steel and aluminium, and there are just as many diverse formulations of plastic material. For a more
precise weight comparison reference to the specific material manufacturer’s data sheets for the

applicable material for your project shall provide required material information [84].

Secondly, The strength to weight ratio is another factor to look at and account as an advantage for
composites/plastics.As in the past this is one of the biggest obstacles encountered when replacing
metal parts with plastic. Since plastic materials are much lighter and could not compete with the
strength characteristics of metal.Nowadays, with the evolution of plastic composites and the
addition of carbon fiber or other glass fibers to plastic material formulations, thermoplastic
products can perform as well as and in some cases even outperform metal inratios such as strength
to weight and strength to stiffness.Strength to weight ratio also known as specific strength is a
material’s strength (force per unit area at failure) divided by its density. Refering to the chart below
(figure 17) note that examples of thermoplastics reside in the composite and polymer categories
and this data does not include all thermoplastic material products, many of which are specifically
formulated to compete with metal and alloys in strength and stiffness [84].
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Figure 17: Material comparison Strength[84]

Thirdly, the strength to stiffness ratio also known as specific modulus which is a materials property
consisting of the elastic modulus per mass density of a material. In figure 18 , we can see the
significant difference of the specific stiffness that carbon epoxy over takes the conventional

metallic materials as an example to show the advantage that composites have [84].
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Figure 18: Specific Stiffness comparison [84]

Fourthly, Prodution time is an essential factor for the success of any project whether meeting a
deadline or an increase in demand. In a less labor intensive process, plastic thermoforming can save
production time, energy, labor and cost compared to manufacturing components from metal

processes [84].

Plastic thermoforming Process Metal Fabrication Process

Programming

Fixture/ die construction

Tooling construction

Programming

Automated Part Forming

Cutting, bending , welding

Robotic part trimming

Cleaning welds finishing

Part Finishing (bonding attachment points)

Paint preparation and Painting

Table 7: Comparison of Plastic/composites and Metal Manufacturing Process steps

Moreover, Looking at the sheet metal fabrication process one can easily conclude the fact that

metals are harder to work with and shape. Metal’s inherent characteritics prohibit complex part
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designs or shapes, such as compound curves or fluid designs from either the material’s capability or
cost limitation.Shaping a metal part can require die work, welding , grinding, rework, or bending
on each individual part produced to achieve design specifications and required look. In addition to
increasing productionn and lead times as part design complexity increases, part cost increases in an
exponential relationship. Now when looking at the same increase in design complexity for a part
manufactured with the plastic thermoforming process , it has a relatively minimal impact on the
cost of the part. This is due to complex designs, shapes , branding, and surface textures can be
incorporated directly into a part’s tooling.While this may cause a modest increase in the upfront
tooling cost of the part’s production, it will not add any additional secondary or shaping labor
operations that would affect part cost or production time.The nature of thermoplastic and this
method provides a much larger flexibility [84].

PART COST

PLASTIC

PART COMPLEXITY

Figure 19: Relationship of part cost with part complexity for plastic and metal[84]

2.7. Composite Pipes

Composite pipe body consists of three main constituients; an inner liner, a composite laminate, and
an outer cover.The liner, either metallic or polymer, serves mainly as a barricade against the inner
fluid.The laminate is the load enduring componnt. The outer cover is a protective layer from the
ambient environment.The inner liner, laminate and cover are all bonded or joined to the
laminate.Extra outer layers may be added as special puposes layers for example as local wear
protection or fire protection [25].An epoxy layer is included in the composite pipe to create a
polymer matrix which provides reinforcement to the fibers or other fillers.This allows the
fabrication of long-lasting parts with high strength-to-weight ratios, compared to conventional
materials of construction like metals or wood for example. Epoxy-based polymer composites are

resistant to deterioration from corrosion, spalling or rotting [26].
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Figure 20: An example of a Glass-fibre reinforced polymer (GFRP) composite [27]

Composite pipes exposed to internal pressure are subjected to both hoop and axial stresses in the
case of close-ends tubes with hoop-to-axial stress of two to one. For long open-ends, axial stress
dueto the internal pressure is zero. Moreover, other stresses can result from the installation,
weight, external pressure, etc. In designing composite pipes, the stress and failure analysis is
generally performed without taking into account either the internal liner nor the outer cover, as they
are assumed to not contribute to the resistance to deformation. The design process of the composite
lay-up may include fiber and matrix material selection, overall laminate thickness, the thickness of
each lamina, and the fiber orientation of each individual layer [25].

When composite pipes are compared to steel , they have a significantly lower total installed cost.
Most composites are malleable, allowing them to handle harder turn radii and grade changes
comfortably . Moreover, is the unmatched corrosion endurance and chemical resistance leading to
lower maintenance requirements and hence less downtime [29].In table 8 we can see mechanical

properties comparison of CFRP , GFRP and steel.

Material Type
Property CFRP GFRP Steel
Density (g/cm3) 1.50-2.10 1.25-2.50 7.85
Tensile Strength 600 - 3920 483 — 4580 483 - 690
(MPa)
Young’s Modulus 37-784 35-86 200
(GPa)
Elongation (%) 05-1.8 1.2-50 6.0-12.0
Coefficient of linear -9.0-0.0 6.0-10.0 11.7
expansion (1076/°C)

Table 8: Mechanical properties of some FRP material types and Steel [30]

Composite pipes are used in water transportation for firefighting or cooling systems, sewage and
drainage systems, while composite tube wound with filaments are also used in sectors like

aerospace, construction and even sport equipment [31]. Typical composite materials used as piping
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systems include : PVC (Polyvinyl Chloride), HDPE (High Density Polyethylene) , GRP (Glass
Reinforced Plastics) etc [32].

Applications of CFRP composites have been on the rise in recent years especially in applications
where material cost is peripheral to performance and weight reduction.This is due to the significant
properties and adaptability of fiber reinforcement along load paths to achieve desired composite

performance, which is not common in other materials [28].

2.8. Pipes under mechanical load

There are 5 main piping stresses that can lead to failure in a piping system: Hoop stress, axial

stress, bending stress, torsional stress, and fatigue stress [33].

Hoop stress is the outcome of pressure being exerted to the pipe either internally or externally.
Since pressure is uniformly applied to the piping system, hoop stress also is accounted to be
uniform over a given length of a pipe. Hoop stress varies with the diameter and wall thickness
through the piping system [33]. In the coming subchapters derivations of hoop stress formulae and
other stresses will be demonstrated.

Axial stress which is caused from the restrained axial growth of the pipe. Axial growth
(elongation) can be caused by thermal expansion, pressure expansion, and applied forces.Axial
stress should not exceed the yield strength of the pipe. When comparing resulting axial growth
from pressure, steel pipe growth is less than composite piping [33]. This is mainly due to the higher
coefficient of thermal expansion that composite materials have making them sensitive to

temperature changes[34].
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Figure 21: Different Pipe Materials temperature expansion plot[30]

Bending stress is the stress resulting from body forces being applied to the piping. Body forces are
the pipe and medium weight, concentrated masses like those of valves, flanges. Sporadic forces are
included such as seismic,wind, thrust loads and possible forced displacements caused by expansion
of adjacent piping and equipment connections. A resultant moment is created from the body forces

acting, for which the stress can be represented by moment divided by the section modulus [33].

Torsional stress is what results from the rotational moment around the pipe axis and not by body
forces like bending stress. Nevertheless, it is much more likely for a pipe to fail in bending stress

before torsion therefore usually this stress is neglected [33].

Fatigue stress is the continuous cycling of the stresses present in the piping. A good example to
demonstrate fatigue stress is turning a water faucet on and off all day as the pressure being released
and then built up. In power applications, the cycling of a steam turbine from low pressure to high
pressure and temperature develops fatigue stress. Fatigue stress decreases allowable strength of the
piping system and can generally by caused by pressure, temperature, vibration, occasional loads
[33].
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2.8.1. Thin wall cylinder stresses

Considering a steel pipe as an example of a tube to distinguish the difference between thick and
thin wall tube, from the first look at regular wall (thick) and thin wall stainless steel tubing one may
not notice any differences because both types of tubing have an almost similar outside diameter.
The difference between thin wall and regular (thick) wall tubing is the thickness of the tubing
(walls). This makes the inside diameter of the thin wall tubing larger than the thick wall tubing
[35].

Thin-walled pipes are used in the drive technology sector for charge air, coolants, exhaust gas
piping and their systems or in a bigger scale thin-walled cylinders are used as boiler shells, pressure

tanks and in other low pressure processing equipment.
A pipe is considered to be “thin” if the ratio of the inner diameter to the thickness of the wall is >20
[35]:

D;

— > 20

t

Considering this ratio, one can assume for stress analysis that both the hoop and longitudinal
stresses are constant across the wall thickness and the radial stress is of small magnitude in
comparison to the hop and longitudinal stresses therefore we can neglect it. This makes the analysis
approximated and, the radial stress will vary between the pressures at the inner and outer diameters
i.e., for internal pressure only, the radial stress will vary from zero at the outside surface to a value

equal to the internal pressure at the inside surface [36].
op = constant
g, = constant
o, = constant ,negligible
Note that no shear stress is generated.

Now considering Hoop stress (a3,) which is the stress generated to resist the force due to the

applied pressure as it acts to separate the top and bottom halves of the pipe or cylinder [36].
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Figure 22: Stresses acting on a tube due to internal pressure[36]
The total resultant force on half of a pipe due to the internal pressure is given by:

And the resisting force due to the hoop stress ay, , forming on the cyinder walls is given by:

F,, = (20,) Lt
Equating the above 2 equations giveus:
p; rd-L= Qo) L-t
rearranging the equation to make hoop stress the subject (a;,) we obtain:

5 = PidL _ pid
h = e 2t

S

T

Figure 23: Cross section of a thin cylinder showing longitudinal stress direction[36]

(1)

(2)

(3)

(4)

39



Using the same approach when calculating hoop, the total force acting on the end of the cylinder

due to internal pressure is given by [36]:

d2
F = pressure x area =p; ' m-r? = p; .”T )

The area of the cylinder material resisting the force acting is given by:
Resisting forcearea = m-d -t (6)

Therefore, the longitudinal stress (a;) is obtained by dividing the force acting on the resisting force

are which gives us:

v p ™
o, = orce _ Pi—,— _ pid (7)

Area md-t 4t

Moreover, the change in length of a thin cylinder can be determined from the longitudinal strain
using the following formula that utilizes the material properties using young’s modulus of material

in use we can obtain :

Longitudinal strain (g) = @ (8)
AL = (g) - Origincal Length (L) 9)

_ (op—vay) _1(pyd pi-d
AL = =) —E(Tt‘”(z—.t))L (10)
AL =22 (1 - 29)L (11)

T 4tE

Where "v" is a material property known as poisson’s ratio which is the amount of transversal
elongation divided by the amount of axial compression, most materials have Poisson’s ratio values

ranging between 0.0 and 0.5 [93].

Similarly, one can determine the change in diameter from strain acting on the diameter which we

can refer to as diametric strain by the following formula [36]:

Change in Diameter
. (12)

Diametral Strain = — ,
Original Diameter

The change in diameter can be found by considering the circumferential change, which results from
the stress acting around the circumference also known as the hoop stress (o). Giving an increase

to the circumferential strain & [36].
Change in Circumfernce = Strain - (original Circumference)
AC = &, (nd) (13)

Hence the new circumference is given by [36]:
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New circumference = nd + nd(ey) = nd(1 + &) (14)
And it can be seen from the equation above that the new diameter is given by:
New diameter = d(1 + &) (15)
This indicates that the change in diameter would be:
Ad=d-g, (16)

d'gh
a_ o

~ Diametral strain =

consequently,exemplifying the diametric strain being equal to the circumferential (hoop) strain.

d(op—vor,_d ,pi-d pi-d
Ad=d-a = Gr —vor

ad =% (2 - v) (17)

Another parameter that the deformation due to the stress applied and the strain resulting on the
cylinder would be the change in the internal volume which can be derived in a similar approach to

what was done above considering the stresses and the strain that is in the cylinder [36].
change in volume (AV) = volumetric strain(e,) X original volume(V)
Given:

Volumetric strain (g,) = sum of 3 mutually perpendicular strains
1 2
&= &+ 2¢, = E(O'L —voy) + E(Jh —voy)

& = %(GL — voy, + 20, — 2v0,) = %(O-L + 20y, — v(op, + 201)) (18)

Then plugging in the longitudinal stress, circumferential stress where required and simplifying the

equation we end up with:

g, = 2L (5 — 4y) (19)

T 4tE

And to finally get the change in volume due to the stresses experienced, simply we plug in the

above equation into the change in volume (AV) equation to get [36] :

AV =B (5 _4y) -y (20)

T 4tE

In scenarios where a positive (tensile) force is present, any applied internal pressure would cause an
initially bent pipe to bend more. The additional bending will gradually increase till the internal

pressure reaches the critical value given by the equation below [37].
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2mEDt

Peri = mye

(21)

Where [ is the lenth of the pipe.

Consequent to the gradual increase up to the critical pressure the pipe will become unstable under

the internal pressure and buckle [37].

2.8.2. Lame’s Theory

Thick-walled pipes are pipes with a ratio of outer diameter to wall thickness of less than 20, mainly
used as petroleum geological drilling pipe , cracking pipe for petrochemical industry, boiler pipe,

bearing pipe , and high-precision structural pipe for automobile, tractor and aviation [36].
D;
— <20
t

When we considered thin cylinders, we assumed that the hoop stress was constant across the
thickess of the cylinder wall and we ignored anu pressure gradient across the wall. Now
considering a thick walled cylinder, these simplifications are no longer valid and one should
consider the variation of both hoop and radial stresses. If the cylinder is long in comparison with its
diameter, the longitudinal stress is assumed to be uniform through out the thickness of the cylinder
wall [36].

Stress states in a thick wall cylinder :
oy = Varies with radius
o, = constant
o, = Varies with radius

In theory of thick wall cylinder we are interested in sections that are remote from the ends. For
sections apart from the ends, the applied pressure is symmetrical and all points on an annular
element of the cylinder wall will be subjected to the same displacement. There will exist no
shearing stresses set up on transverse planes, which requires stresses on such planes are in fact the
acting principal stresses. Similarly, since the radial shape of the cylinder is maintained, there exist
no shear stresses on the radial or tangential planes and again the stresses on such planes are
principal stresses. Therefore , when considering any element in the wall of a thick cylinder, we will
be looking at a mutually pependicular tri-axial stress system where the 3 stresses are — hoop ,

longitudinal and radial [36].

In regard to Lame’s theory for thick cylinders, the theorem is based on two assumptions :
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1. Material of the cylinder is homogeneous and isotropic ,hence this is not valid for composite

materials.

2. Plane sections of the cylinder perpendicular to the longtudinal axis remain plane under the

pressure.

The second assumption implies that the longitudinal strain is same at all points meaning the strain
is independent of the radius. The cylinder shown in figure 24 has internal and external radii of
R; &R respectively. the cylinder is subjected to internal and external pressures P;&P, respectively,
consider an element of the cylinder cross section at radius r and subtending an angle §6 at the
center. Given the radial and hoop stresses on the element are a,.and oy, respectively and by equating

the radial forces over a unit of axial length for radial equilibrium we obtain [36] :

66
0,160 + 20h6rsin7 = (0, + 60,)(r + 6)660

a,. + &,

HI’J

Figure 24: element of cylinder crosss section subjected to internal and external pressure[36]

From the equilibrium equation above one can recognize that [36] :

60
0,160 + 20,167‘7 = (o, + 60,)(r +6)60

0,160 + 60,6160 = (0, + do,.)(r + §)86
Then we divide through by dé :
0,1 + 0p,6r = (0, + 60,.)(r + §)566
0,7 + op0r = 0,1 + 0,67 + réo, + 0,61
Neglecting small terms :

0,1 + 0,61 = 0,1 + 0,.6r + b0,
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op0r — 0,.0r =rdo,

% — Equilibrium Equation (22)

Op—0p =T
A further step is required to solve for g,,&a, , assuming that plane sections remain plane then :
o, = Constant

g, = Constant

1
&, = E(UL —v[o, + o))

Or:

O'L—EEL
UT+Uh=—

Since g, &¢; are assumed to be constant across the section then we can say :

o, + o = constant = 2A (23)
From Equation (22) :
do,
oy = TW + o,

And from Equation (23) we obtain :
op = 24 — o,

Then by eliminating g, and integrating :

do,
ZA_O-T:rW+O-T
5 dr_f do,
r  J(@A-0)

2Inr = —In(A—o0,) +InB

2 B

)

Therefore :

JT=A—E (24)

Hence, we plug equation (24) in equation (23) :
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ah=A+£ (25)

Our assumption was made consdiring longitudinal stress (o;) is constant and is given by :

end load
g, = - (26)
Cross sectional Area

Equations (24) and (25) are Lame’s equations and by substituting the relevant boundary conditions
we are able to determine the constants A and B. Hence, finding the radial and hoop stresses at any
point.Noting that the tensile stresses are regarded to as positive and compressive stresses are
regarded as negative [36].

2.8.3. Thick cylinders with internal and external pressure

Examining a thick cylinder subjected to an internal pressure p; where the external pressure is zero,

with the following boundary conditions set as [36]:
At r=R,0, = —p;
Atr=R,,0,=0

Note that the internal rpessure is considered as negative radial stress since it will produced radial
compression (thinning) of the cylinder walls and normal stress convention is negative indicating

compression.

Using equation (24) with set boundary conditions [36]:

B
0y = A— T_2
We obtain :
B
pi=A- RZ
0=A 5
= R ?
Rearranging the above two equations to get :
A= r
TRE PTRZ
_ B B (R'-RH
pi = RZ R RZR,’
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_ DiRR,’
(Roz - Riz)

And :

1 pRPR,> iR
Ro* (R,* —R®)  (Ro* —R;%)

A= B
_ROZ_

Substituting the above equations of A and B in the radial stress formula dictated before we obtain :

piR;* 1 piR°R,? piR;* a Roz)
g, = —_—— = —_——
T RE-RD (RS -R®) (RC-RP) 1P

p'R'Z T'Z—R 2
Or = (ROZL—lRiZ)( 1”20 ) (27)
Knowing the above equation we are able to formulate the hoop stress formula which is [36]:
_ B _ PiR* T3 HR,%
op =4+ 2= R 2 ) (28)

Here we can see that the maximum values of both will only occur at the inside radius,depending on
the direction of the pressure gradient.Failure by fracture means that the hoop stress is the dominant
principle sress and there are no external loads present. Due to hoop stress failure one can notice the
pipe splitting into two halves or rupturing perpendicular to maximum stress. Bursting of the pipe
may be encountered if the force created by the internal pressure exceeds the hoop stress’s resisting
force.In the design process, pipe stresses are appropriately realizd, as extreme failure that can result
in loss of property , environmental harm or even life. Therefore, Analysis of hoop and other
stresses increases life time and is warranted when there are sensitive equipment connections, the
existence of external pressure, and elevated temperatures. Inspections , hand calculations or

computer modeling are methods of analyzing pipe stresses [38].

Now in order to calulate the longitudinal stress in a thick cylinder with closed ends, subjected to

internal and external pressure (p;& p,) respectively (see figure 25) [36] :
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closed ends

Figure 25: Cross section of thick cylinder with closed ends subjected to internal and external pressure [36]

Formulating the equilibrium equation horizontally where we have longitudinal stress acting we get
[36]:

o, X (R,> — R;*) = P, x mR;* — P, X TR,,*
Where g, is the longitudinal stress formed in the cylinder walls :

_ PiRiz_PoRo2

OL =~ pD) - constant

We can see that this constant has the same value as A in the Lame’s equations, hence in the case of
only internal pressure acting where P,= 0 this simplifies to :

PiR;?

0, = ———5
L™ Ro?-r?

(29)

In regard to Maximum shear stress, Stresses on an element at any point in a thick cylinder wall are
in fact principal stresses. Therefore, we can see that the maximum shear stress at any oint will be
given by:

01 — 03
Tmax = 2

The value obtained from the above equation calculating the maximum shear stress would simply be
half of the difference between the maximum and minimum principal stresses in case of a thick
cylinder [36] :

__ Op—0Op
Tmax = 2 (30)

Since hoop stress (a3,) is normally tensile while the radial stress (a,.) is compressive and both are
of greater magnitude than longitudinal stress (o;) and so we can write the maximum shear stress

formula in terms of A and B and we can see that we obtain :

e =2[(4+ ) (a-2)] =2

r2
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Thus, the greatest value of t,,,, occurs at the inner radius [36].Generally, Shear stress tends to
cause deformation of a meterial by slippage along a plane or planes parallel to imposed stress.This
stress provides a slipping tendency to one plane against the other mainly caused by the shear forces
acting on the pipe cross section or twisting (torsional moments). Since the shear stresses caused by
shear forces in a piping system are of small magnitude, this is neglected [39].

2.8.4. Thick Cylinder strain and change in dimensions

Due to the stresses acting on the cylinder three different principle strains form and they are [36]:

or—v(0p+0L)

& =0 (32)
g, = O'h_v(Ea'r+0'L) (39)
g, = ZTvOrton) 34)

E
Radial strain(e,) is not used frequently considering the fact of radial stress being negligible, the

change in diameter can be obtained from the hoop strain :

. . AD AnD Change in circumference
Diametral strain = o =—= g f =&, =¢&p (35)

D Original Circumference

We can see from the above equation that the diametric strain on a cylinder is equal to the hoop

strain, therefore [36]:
Change in Diameter (AD) = Diametral strain(ep) X Original diameter (D,)

AD = &En X DO (36)

Assuming the principal stresses (hoop, radial and longitudinal) are all tensile, the hoop strain is
then :

1
&p = 7 (op —vOr —vOL) (37
Morever the change in diameter at any radius r of the cylinder is given by :
AD = z (op — vo, —vay)
2r
AD = - (op, — vo, —voy) (38)

The change in length of the cylinder is simply calculated by accounting the difference on which the
reason behind the change in the length of the tube mainly caused by the longitudinal stress and we
are able to use a similar structured formula as above considering difference in the paremeter that is

changing and the dominant stress causing the change [36] :
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AL = %(O’L — V0, — Vay) (39)

Finally we get to determine the change in volume caused by the stresses phenomena and is given

by multiplying the original volume by the sum of three mutually perpendicular strains [36]:

Change in volume (AV) = Original Volume (V,) X Volumetric strain (gy) (40)

Where the volumetric strain is the summation of the strains experienced by the cylinder :
&y =é&p tepte =g+ 28,

AV = V(e + 2¢p) (41)

Note that the final formula of the change in volume (AV) is the change in the internal volume not

the change in the cylinder material volume [36].

2.8.5. Finite Element Analysis (FEA) for Composites

FEA is the process of simulating the expected reaction of a part or assembly under given
circumstances often referred to as conditions so that assesment is done via finite element method
(FEM).Engineers often use FEA to to help simulate possible physical phenomena and thereby
reduce the need for physical samples, while allowing improvement of components as part of the
design process of a project .Mathematical models are used by FEA to acknowledge and quanitfy
effects of real-world conditions on a part of assembly, allowing engineers to locate potential
problems in design, stress peaks and weak spots.These simulations that are conducted via
specialized software like ABAQUS FEA or ANSYS workbench, use mathematics to understand
and quantify structural or fluid behaviour, wave propagation , equivalent stresses and other

phenomena [40].

The simulations performed in FEA are created using a mesh of a million smaller elements that
combine to create the shape of the structure that is under assesment. Every small element goes
through calculations, with mesh refinements combining to output the final result of the structure.
These approximate calculations are usually polynomial, with interpolations happening through the
small elements, implementing these values can be determined but not at all points.Points where
results are determined are known as nodal points and are usually found at the boundary of the
element [40].

In this thesis, the stress analysis simulation was performed using ABAQUS. Nevertheless, the
finnite element modeling of composites depends on the objective of the analysis. Considering
ABAQUS, there are multiple methods of modeling composites such as macroscopic modeling,
microscopic modeling , discrete reinforcement modeling, mixed modeling and submodeling.
Nevertheless, the most used FEM simulation of composite materials are layered-solids, layered-

shells , stacked solid elements and layered continuum shells [94].
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Analysis performed in ABAQUS and simulation of different reinforcement materials in composites
is simply to predict the mechanical properties and responses of the material whether tensile ,
compression and thermal response. Where such predicted results can be used for comparision and
verification of experimental results. When modeling an anisotropic material which an example for
such a material would be the CFC used in this thesis’s experiment the elastic moduli defined in
ABAQUS uses linear elasticity. The different anisotropic input selection for linear elastic behavior

is shown in table 9 below [94].

*ELASTIC, TYPE=LAMINA

Table 9: Linear elastic behavior

The option shown in table 9 is for orthotropic materials which are materials that have their
properties dependant on the direction in which they are measured. This selection is used
specifically for plane stress an example for such a case would be a laminated shell. It requires
multiple material specification also referred to as elastic constants; like E;, E,, v15, G13,G13, and
G,3. Where E,; and E,represent the longitudinal Modulus and Transverse modulus
respectively. v;, is major Poisson’s ratio and G, Gy3, and G,5 are in plane Shear modulus
[95, 94].

Typically, it is not specified that a lamina can be considered as transversely isotropic. For a
transversely isotropic lamina, the independent elastic constants become five since E, =
E;, Gy, = Gy3 and vy, = vy3. The value of G,5is needed to run a simulation for an
isotropic lamina, which can be obtained from the equation below. When it comes to a two-
dimensional analysis, there are only four independent constants required [94].
_ Ey(1 4 vy3)
23 — 2

Furthermore, Boundary conditions and load should be set and will be activated during the
simulation.When using ABAQUS, the term load is generally referred to anything that causes a
reaction of a structure from its initial condition [94].In summary, after having already your
geometry modeled , material specifications and lay up is set , section definition as they are
categorized as solid, shell, beam ,etc with their type selected and assigned. We model the mesh ,
define analysis type , set boundary conditions , define loads and finally we can then run the

analysis [96].

2.9. Strain gauge

A strain gauge is simply a resistor that measures strain on an object. Whenever an external force

acts on an object, there is a deformation in shape that occurs in response to that force. This
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deformation can either be compressive or tensile. When an object deforms within its elastic limit, it
either becomes longer and narrower or shorter and thicker. A strain gauge is sensitive to minor
changes that occur in the geometry of an object, so due to the change in geometry there is a change
in resistance that is measured by the strain gauge and hence the amount of induced stress can be
calculated [41].

Strain (¢) is defined as the ratio of the change in length (AL) of a material to the original length (L)
, as shown in figure 26.When the force on the object leads to elongation of the part strain is positive
due to the tensile nature of the force. On the other hand, when the force on the object leads to
compression strain is then negative due to the compressive nature of the force. When a material is
compressed by a force in one direction, the resistance to this force leads the material to expand in
the other two directions perpendicular to the force this phenomenon is known as the Poisson effect.
Poisson’s ratio (v) is the scale of this effect and is simply the negative ratio of strain in the

transverse direction to the strain in axial direction [42].

Force

Figure 26: Demonstration of resulting strain due to force applied[42]

From knowing strain, stress can be obtained through Hooke’s Law which is given by:
oc=E-¢

Where E is the Young’s modulus of the material with dimensions of force over area just like stress
since strain is a dimensionless ratio [44].The working principle of a strain gauge is based on the
change of electrical resistance with deformation. In electrical terminology, a strain gauge is an
example of a passive transducer that converts mechanical displacement into an electrical quantity.

The formula for the resistance of strain gauge metal is given by [43]:
R= L
=rx)

Where R is the resistance in ohms (Q), p is the resistivity (Q.m) , L is the length of the conductor

or semiconductor element (m) and A is the cross sectional area (m?).

The most common type of strain gauge used is the bonded metallic strain gauge. The gauge is
composed of a metallic foil arranged in a grid pattern. The grid pattern maximizes the amount of
metallic foil subjected to strain in the parallel direction. The carrier is the thin backing that the grid

is bonded to, which is attached directly to the sample requiring measurement. Hence, the strain
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experienced by the sample is transferred directly to the gauge which gives feedback with a linear

change in electrical resistance [42].

Considering the functionality of a strain gauge it is used as a precautionary measure in
many testing applications where whenever the strain gauge gives a certain reading an
alarm would be triggered to inform the user that the capacity has been reached meaning

action has to take place before any risk happening.

Carrier Test specimen

Metallic grid pattern Leads

Figure 27: Composition of Bonded metallic strain gauge[42]

2.9.1. Selection of a strain gauge

In order to select a suitable strain gauge, the measurement objective needs to be clarified. The main
query to be accounted for is whether the gauge is used for experimental tests, resilience or for

transducer manufacturing [45].

Experimental / Resilience Tests Transducer Manufacturing
Experimental test analysis Force
Residual stress analysis Mass
Analysis of loading Torque
Life-time analysis Pressure
Determining thermal stress Strain

Table 10: Different Measurements done by strain gauges [45]

In case of experimental tests measurement, the following criteria of selection shown in table 11

should be considered:
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Criteria Description

Geometry Number and position of grids (pattern)
Strain gauge series Construction of strain gauge
Connections Type and position
Temperature response and adaptation Material to which strain gauge temperature

response is matched

Active grid length Inmm

Electrical Resistance In Ohm (Q)

Table 11: Strain gauge selection criteria for experimental tests [45]

Firstly, the geometry of the strain gauge is an essential criterion as they are developed due to stress

exerted in different directions. Listed below are some varieties of strain gauge geometries available
[46].

1)

2)

3)

4)

Linear Strain Gauge

A linear strain gauge is used to measure strain in a single direction to which the measuring grid
is aligned to. Generally, it is mounted to in the direction where the main force is applied. This
pattern is favored when measurements are performed in one direction only. Examples for
applying this strain gauge can be aircraft component testing, equipment manufacturing etc.
[46].

Shear Strain Gauge

A shear strain gauge is composed of two measuring grids arranged at 45° to the strain gauge
axis and 90 ° to each other. This type of pattern is mainly used for measuring torque in a
rotating object that includes measurements on torsion bars . They are also used in construction

torque transducer [46].

Rosette Strain gauge

Rosettes with 2 or 3 measuring grids are commonly used in several applications. A T-rosette
strain gauge has 2 measuring grids arranged on a carrier perpendicular to each other, while a 3-
grid geometry has 3 measuring grids spaced at different angles. Multiple strain gauge
configurations are suitable for applications where biaxial stress state needs to be determined
while not knowing principal direction. Hence, rosette strain gauge allows different directional

strain measurements which provides more precise surface strain measurement [46].

Chain Strain Gauge
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5)

This type of strain gauges is composed of 10-15 fine evenly spaced grids while all on the same
carrier. This configuration is ideal for measuring strain gradient for example the stress curve
over a required section or the transfer of peak value due to contact of the load introduced on a

moving point.

Full-bridge Strain Gauge

This type of strain gauge consists of 4 measuring grids that are switched to a Wheatstone full
bridge. Every measuring grid is countervailed to the next grid at an angle of 90 °.Common
applications for this type of configuration is tension or compression bars and shear stresses
happening in shear beams around the neutral fiber. They are also designed to manufacture
accurate force transducers while implementing bending beam working principle [46].
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Figure 28: Different Strain gauge pattern geometries[46]

There are different strain gauge series for strain measurement. The strain gauge carrier (e.g.,
Polyimide) and the measuring grid foil (e.g., Constantan). All strain gauges within a strain
gauge series have identical carrier and measuring grid material. Hence, many designations are
the same for one strain gauge series. In experimental testing robust and flexible strain gauges,
can be used under harsh conditions, have well defined advantages. Strain gauges including the
synthetic polyimide, as carrier material for the measuring grid with series identification “Y” are
included in this category. The Y series has a wide variety of strain gauges used for different
tasks for experimental tests . There exist multiple special types of strain gauges for example
used in hole drilling and strain gauge chains for stress distribution investigation for complex
structures [45].

The third criterion mentioned above is the connections where different configurations are used
on the strain gauge, below are 6 different types of commercially available strain gauge

configurations.
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Strain Gauge Connection Configuration

Characteristic

W
A &
# b

-
L 1 4

Integrated Solder Tabs (e.g., LY4)

e Allows Direct soldering on the strain gauge

Big solder tabs with strain relief (e.g., LY6)

e Allows direct soldering on the strain gauge and
simultaneously providing nearly full mechanically

decoupling of solder tabs and strain gauge carrier

Ni-plated copper leads, uninsulated, approx. 30 mm (1.18
inch) long (e.g., LY1)
e Nodirect soldering at the strain gauge.
e  For full mechanical decoupling of cables and strain
gauge.
e Use of separate solder terminals directly on the strain
gauge required.

fluoropolymer-insulated connection wires, approx. 50
mm(1.97 inch) long (e.g., K-C LY4)

No direct soldering at the strain gauge

e Fluoropolymer insulation prevents the cable from
sticking during installation.

e  Use of separate solder terminals near the strain gauge

required

LR T
O S N

Fluoropolymer-insulated connection wires,
approx. 50 mm (1.97 inch) long (e.g., K-C LY4)

e cable length as required from 0.5 to 10 m in 2-wire,

3-wire and 4-wire are available.
e nodirect soldering at the measuring point at all

e Fluoropolymer insulation prevents the cable from

sticking during installation

Table 12: Strain gauges with different connection configurations [45]

Now onto the fourth criterion which is the temperature response adaptation, whenever

a strain gauge is connected separately in a Wheatstone quarter bridge circuit there will

be an output signal if the temperature is altered. This is known as the thermal output,

and it is independent to the mechanical load that will act on the test specimen.

However, there exists strain gauges that give a very small output signal in case of
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temperature change such strain gauges are referred to as self-compensated strain
gauges [45].

These strain gauges must be selected to the thermal expansion coefficient of the test
specimen to benefit from their matched temperature response [45].

Moreover, the active grid length relies on the objective of the measurements as the
output of the measurement using strain gauges will be the mean strain below the
measuring grid. Typically, measuring grids have lengths of 3 or 6 mm which provides a
good enough solution. Long measuring grids are preferred when dealing with an
inhomogeneous specimen, such as concrete or wood. On the other hand, short
measuring grids are applicable for detecting the state of strain. Hence, they are fit for

determining strain gradients, maximum peak of notch stresses and similar stresses [45].

Finally, the sixth criterion which is the electrical resistance selection. The choice of
resistance depends on the constraints of the measurement task, since low resistance and

high resistance strain gauges have different characteristics shown in table 13 [45].

Low resistance Strain gauge High resistance Strain gauge
Lower influence of electromagnetic Lower influence of electrical resistance in
interferences connection paths
Lower influence of a change in isolation Enhanced antennas in the case of
resistance interferences.
Higher power requirement Higher influence of a change in isolation
resistance.
Increased self-heating as a result of high -
current flow compared to high resistance
strain gauge

Table 13: Characteristics of low and high resistance strain gauges[45]

2.9.2. Strain Gauge types

There are different classifications of the strain gauges that one can apply, based on the
principle of working strain gauges are classified into Mechanical, Electrical and
Piezoelectric. Strain gauges that are directly bonded (pasted/epoxied) on the surface of

the structure under strain examination are referred to as bonded strain gauges, the three
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types of bonded strain gauges that will be discussed in the following subchapters are

[47]:
« Metal Foil Strain gauge
« Fine wire Strain gauge

« Semi-conductor strain gauge

2.9.3. Metal foil strain gauge

Metallic foil strain gauge consists of a metal foil of 0.02 mm thick produced via printed circuit
technique. This Metal foil is produced on one side of the plastic backing. Leads are soldered to the
metal foil for electrical connection of the strain gauge to the Wheatstone bridge [47].

Metal Foil Strain Gauge

Plastic

Solder backing

Metal Foil

/
7 ' ; /|
Li?di/ \/é’éick ends

Metal foil strain gauge
Structure under study Bonded to the structure
Under study

S = )

Force W —_
Force

/

Figure 29: Metal Foil strain gauge arrangement[47]

With the use of an adhesive material, the strain gauge is bonded on the structure under study.
Whenever the structure is exposed to a force whether tensile or compressive, due to the force the
structure experiences a change in dimension/geometry. Since the strain gauge is bonded to the
structure the gauge will also undergo change in both length and cross section indicating that it is

strained which leads to change in resistivity that will be recorded by the strain gauge [47].

This deformation (strain) changes the resistance of the strain gauge which is measured using a
Wheatstone bridge. The change in resistance of the strain gauge becomes a measure of the extent to

which the structure is strained and a measure of the applied force when calibrated [47].
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Advantages of Metal foil Strain gauge [48]:
e For Vibrational and load sensing (static and dynamic load).
o Perfect bondage between the strain gauge and the structure to be examined is achievable.

e The backing can be peeled off and the metal foil with leads can be used directly on the

structure under examination. Usually, a ceramic adhesive can be used.

e These Gauges have a better fatigue life, good sensitivity, and stability even at high

temperatures.
Disadvantages of Metal foil Strain gauge [48]:

e Susceptibility to creep error, since they are highly sensitive and are directly bonded to

structure under examination

o Accuracy will decrease overtime due to wear of the adhesive.

2.9.4. Fine Wire strain gauge

The Fine wire strain gauge consists of a fine resistance wire with diameter of 0.025 mm which is
bent repeatedly as shown in figure 30. This is done to increase the length of the wires so that
permits uniform distribution of stress. The resistance wire is placed between the two carrier bases
(paper, Bakelite, or Teflon) which are cemented to each other. The carrier base protects the gauge
from damages and the leads provide the electrical connection between the strain gauge and
Wheatstone bridge [48].

Fine
|~
|  Wire
Di re;;tion Supporting
Strain -~ Eane
Leads

Figure 30: Fine wire strain gauge arrangement[48]

Just like the metallic foil strain gauge, the fine wire strain gauge is bondedto the structure under
study. Whenever the structure is subjected to a force whether tensile or compressive, due to the
force the structure will deform. This deformation will change the resistance of the strain gaugesince

the strain gauge is bonded to it, in both length and cross section.The change in resistance becomes

58



the measure of the extent to which the structure is strained and a measure of the applied force when
scaled [48].

Advantages of Fine wire Strain gauge [48]:

e The range of this gauge is +/- 0.3% of strain.

e High accuracy.

e Has a linearity of +/- 1%.

Disadvantages of Fine wire Strain gauge [48]:
e The gauges are not reusable (cannot be detached and used again)

o Higher cost compared to other strain gauges.

2.9.5. Semiconductor strain gauge

Semiconductor strain gauge utilizes the property of piezo resistivity possessed by doped silicon or
germanium. The resistivity of those such materials changes whenever they are under stress due to
the load acting on the materials. This difference in resistivity (resistance) is as a measure of strain
which can be scaled to different units per requirement [49].

These gauges are produced in the form of wafers of thickness 150 um, material used may be silicon
or germanium in which exact amounts of contaminants such as Boron or Phosphorous have been
added to achieve certain desired properties. This process is known as doping and the crystals

formed are referred to as doped crystals [49].

A typical Semiconductor strain gauge consists of semiconductor materials and leads enclosed in a
protective casing. Bonded on suitable insulating material such as Teflon. These types of gauges
have negative temperature coefficient resistance, which enables very large change in length as
compared to other strain gauges, such as wire and foil type gauges. Electrodes are from gold wires

as they are utilized as one arm of the Wheatstone bridge [49].
There are two types of the sensing element (wafer) [50]:
1. Negative or n-type, where resistance decrease with respect to tensile strain.

2. Positive or P-type,where resistance increase with respect to tensile strain.
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Figure 31: Semiconductor type bonded strain gauge [49]

As the strain gauge is bonded to the structure, the strain gauge will undergo change in both length
and cross section (that is strained). When the sensing element (crystal) of the semiconductor strain
gauge is strained its resistivity changes contributing to the change in resistance of the strain gauge.
The difference in the resistance of the strain gauge is measured via the Wheatstone bridge,this
difference becomes a measure of the extent in which the structure is strained and a measure of the

applied force when calibrated [49].
Advantages of semi-conductor Strain gauge [49]:

e High gauge factor in the range of 100 to 200 as compared to metallic wires having a gauge
factor 2. Therefore, very small strains or deformations can be detected.

e More life under fatigue loading.
e Low hysteresis.
Disadvantages of Semi-conductor Strain gauge [49]:
e Itis highly sensitive to change in temperature, so it is difficult to obtain reliable reading

e It is more expensive and difficult to attach to the object under examination compared to

other available strain gauges.

¢ It has a nonlinear characteristic relationship of output voltage with strain.

2.9.6. Strain Gauge configurations

A foundational parameter of a strain gauge is its sensitivity to strain, expressed quantitively
known as the gage factor (GF), GF is the fractional change in electrical resistance to the

fractional change in length, or strain [51]:

AR/R ~ AR/R

GF = =
AL/L £

Generally, GF for metallic strain gauges is usually around 2. GF of a certain strain gauge
can be known from the specification documentation provided from the manufacturer or
vendor [51].
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Strain gauge measurements rarely involve quantities larger than a few milli strain (e X
1073). For that reason, to measure strain, very small changes in resistance must be
precisely measured. In order to measure small changes of resistance, strain gauge
configurations are based on the conceptualization of a Wheatstone bridge. The general
Wheatstone bridge circuit is shown in figure 32, which is a network of four sensitive arms

with an excitation voltage (Vgx) that is applied across the bridge [51].

Figure 32: General Wheatstone bridge[51]

The Wheatstone bridge is equivalent to two parallel voltage divider circuits. Where
R, and R, constitute one voltage divider circuit, while R; and R, constitute the second
voltage divider circuit. The output of a Wheatstone bridge is measured between the middle
nodes of the two voltage dividers [51].

R3 R,
Ri+R, R, +2

Vo_[ ]'VEX

From the equation above, we can see that Rl/R2 = Rl/R3, where the voltage output (V).

Considering these conditions, the bridge can be called balanced. Any fluctuations in
resistance of any arm of the bridge results in a nonzero output voltage. Therefore, when
replacing R, in figure 32 with an active strain gauge, any fluctuations in the strain gauge
resistance unbalance the bridge and produce a nonzero output voltage which is a function
of strain . There are three types of strain gauge configurations, quarter-, half-, and full-
bridge, which are determined by the number of active elements in the Wheatstone bridge,
the inclination of the strain gauges , and the type of strain being measured [51].

2.9.7. Quarter-bridge strain gauge Type I and Il

Quarter bridge strain gauge configuration type I measures axial or bending strain and
requires a passive quarter bridge completion resistor referred to as a dummy resistor.

Moreover, this configuration also requires a half bridge completion resistor to complete the
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wheat stone bridge. R, is the active strain gauge measuring tensile strain (+¢), strain

gauges set in moment strain configuration are used to measure vertical load [51].

Figure 33: quarter bridge strain gauge configurations[51]

In configuration type 11, the resistance of the strain gauge varies only in reaction to applied
strain. Nevertheless, strain gauge material, as well as the sample material to which the
gauge is applied, also responds to changes in temperature. Quarter-bridge strain gauge
configuration type Il helps decreasing the effect of temperature by using two strain gauges
in the bridge as shown in figure 34, generally one strain gauge (R,) is active and a second
strain gauge (R3) is mounted in close thermal contact, but not bonded to the sample and
placed transversely to the principal axis of strain. For this reason, there is a small effect on
the dummy gauge, but any temperature changes affect both gauges similarly. Since the
temperature changes are identical in the two strain gauges, the ratio of their resistance does
not get altered, the output voltage does not change, and the effect of temperature is

decreased [51].

Rals )

Figure 34: Dummy strain gauges eliminating effect of temperature on measurement[51]

2.9.8. Half-bridge strain gauge Type | and Il

In half bridge strain gauge configuration, the bridge’s sensitivity to strain can be doubled
by making both strain gauges active in a half-bridge configuration. Type | configuration
measures axial or bending strain and requires half-bridge completion resistors to complete
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the Wheatstone bridge.R, is the active strain gauge measuring tensile strain (+¢) and R, is
an active strain gauge compensating for Poisson’s effect (-ve). This configuration is often
confused with eh quarter bridge type Il, but the difference is that the half bridge type | has

an active R; element that is bonded to the strained sample.

Figure 35: Half bridge strain gauge Type I1[51]
Configuration Type Il measures bending strain only and it requires half-bridge completion
resistors to complete the Wheatstone bridge.R,is an active strain gauge measuring the
tensile strain (+¢&) while R, is an active strain gauge measuring compressive strain (-

€) [51].

Figure 36: Half bridge strain gauge Type 11[51]

2.9.9. Full-Bridge Strain gauge

In full-bridge strain gauge configuration four active strain gauges are available in different
types. Type I and Il measure bending strain while type Il measures axial strain. All three
configurations compensate the effects of temperature but only type Il and 11l compensate

the Poisson effect [51]. Configuration Type | is highly responsive to bending strain
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only.R;and R; are active strain gauges measuring compressive strain (-¢) while

R,and R, are active strain gauges measuring tensile strain (+¢) [51].

Figure 37: Full-bridge strain gauge Type Il [51]

Configuration Type Il measures bending strain only while having R; and R, active strain
gauges measuring compressive Poisson effect (-ve)and tensile Poisson effect (-
ve)respectively. On the other hand, R; and R,as active strain gauges as well measuring

compressive strain (-¢) and tensile strain (+¢&) respectively [51].

Figure 38: Full-bridge strain gauge Type Il [51]

Configuration type 111 measures axial strain while having R, and Rsas active strain gauges
measuring the compressive Poisson effect. On the other hand, R, and R, are active strain

gauges measuring tensile strain (+¢) [51].

2.9.10. Compensation of Temperature drift of sensor

For minimization of sensitivity of the strain gauge, manufacturers attempt processing the gauge
material to compensate for the thermal expansion of the specimen material for which the gauge is

intended. While compensated gauges reduce the thermal sensitivity, they do not totally remove it.
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A residual error in the order of 10 me/°C is possible using such a technique. Using a half bridge or

afull bridge Wheatstone bridge is the simplest way of correction for temperature drift [52].

When all strain gages in a bridge are at the same temperature and mounted on the same material,

any fluctuations in temperature affects all gauges in the same way since the temperature changes

are identical in the gauges. The ratio of their resistance does not change nor does the output voltage

of the gage [52].

Rz* AR
¢ (compression)

Rs— AR
(fension)

Figure 39: Half-Bridge Configuration [52]

Figure 40: Full-Bridge Configuration [52]

Additional correction is achievable by measuring temperature using a correction curve to correct

the data. Manufacturers print the polynomial coefficients of this curve (Figure 41) to the fourth

order on each package of gauges. With the given coefficients one can apply temperature correction

in applicable software. An error as small as 1 me/°C is possible using this technique [52].
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Figure 41: Thermal Output rating[52]

Strain gauges applied in nuclear environments are subjected to tempering of their basic

characteristics like sensitivity, electrical resistance, insulation resistance, signal drift, signal noise
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and structural integrity. As such alterations result from physical phenomena in the gauge grid metal
under radiation, including loss of electrical insulation of the grid carrier, embrittlement of the grid
carrier, degradation of the attachment or bonding applied or even degradation of the solder pads

and cable connections [53].

Previous experiments performed involving strain gauges in radioactive environment listed the
following precautions to ensure optimal performance of strain gauge under irradiation exposure
[53]:

e The manufacturing of the gauge should not involve any biological materials.

e Even for applications involving ambient temperature, high-temperature gauges should be

used.

e Similarly, to temperature compensation, measurement techniques should provide
compensation of calibration shift and drift therefore, the half-bridge or full-bridge

connections should be applied.

e In case of neutron dose of radiation, Constantan or platinum/tungsten are to be used for
their smaller resistance change when irradiated. Hence, material selection of strain gauge
should be chosen carefully per the radiation level.

2.9.11. Errors Caused by Lead resistances

An electrical connection consisting of a length of wire, or a metal pad (surface mount technology)
designed to connect two locations is referred to as lead [53], the wires connecting the leads of the
strain gauge within the Wheatstone bridge have their own resistances and are known as lead wire

resistance R; [52].

Lead wire resistances also change with temperature and can have an adverse effect on the precision
of strain gauge measurements. Even if the system was initially balanced, differences in the lead
wire resistance with temperature can impose large errors in static measurements. This can occur
even though the lead wire resistance is much smaller than the bridge resistance, considering the
temperature coefficient of copper typically being two orders of magnitude greater than the
temperature coefficient of the gaugesEven though connecting the gauge with two wires in a quarter
bridge circuit, drift caused by lead wire temperature difference would be huge. Therefore, static
measurements are performed using the three-wire circuit, shown in figure 42. The bridge remains

balanced if lead wire resistances R; track with temperature [52].
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Figure 42: 2 wire and 3 wire connections for quarter bridge sensors [52]

In radioactive environments, whenever a beam of radiation is subjected to a target with a strain
gauge applied for a period the accumulated doses of radiation eventually increase the temperature
of the target which will affect the strain gauge. With increasing temperature, the resistance of the
wires increases as collisions within the wire increase and reduce the flow of current [52].

Therefore, selection of a wire with low resistance will minimize such an effect [53].

3. Experiments

This chapter deals with the methodology , equipment and data processing of the
experiments performed on the 3 carbon fiber composite pipes.There are several
conditioning elements that any part endures during its service lifetime that have effects on
the part’s life. In our experiment the elements taken into consideration are the effect of
radiation on the aging of the part and the mechanical stability of the carbon composite
pipes in vacuum , as such elements are typical in ion research facilities. The following 2

hypothesis were set before the experiment:

A. There are no significant difference between the mechanical responses of the

evacuated pipe exposed to radiation compared to the control pipe.

B. There are no significant changes in the response of strain gauges after exposing

them to high radiation.
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3.1.

Methodology

This chapter demonstrates the procedure performed in the preparation of the experiment,given

below is the list of instructions followed:

1.
2.

10.

11.

12.

Application of strain gauge to cover expected principal stresses.
Assembly of the pipes per the sample assembly drawing: including all O-rings,
costume rings, sample tube with rail, caps (covers) and bolts with cylinder head and

inner Allen.

Insertion of the sample assembly inside the irradiation chamber while keeping
electronics out of the target range using 10 m connection wires (from strain gauge
up to the compensation circle).

Connection of strain gauges to the compensation circle (DEWETRON data
Acquisition system).

Test the set up for functionality and distinguish output responses given from the 3
pipes.

Connection of vacuum pump through KF-40 flange as shown in figure 43 and start

recording responses of the strain gauges through DEWETRON data acquisition
system.

Evacuation of the composite pipe down to10~2 mbar (1 mBar = 100 Pa) at ambient

conditions.

Start Irradiating the pipe in the region shown in figure 43 for 30 minutes using TR-

24 cyclotron in Institute of Nuclear physics(UJF , CAS) labs.
Store sample for 40 days or more till the radiation level is safe to handle.

Apply New pairs of strain gauges in case of detachment or evaporation of adhesive
on any of the samples and set up the connection of compensation circle .check

responses of strain gauges after radiation exposure to confirm set hypothesis.

Before evacuation of the pipe ensure functionality of the strain gauges and start
recording on the DEWETRON data acquisition system then start evacuating to

check responses of strain gauges after exposure to confirm hypothesis B.

After evacuation for and disassembly off the turbomolecular pump from the sample
tubes assembly, cut the sample in the 1 cm? samples for light and electron

microscopy.
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Figure 43: Schematic of experimental setup
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3.1.1. Preparing the mounting Surface

To understand the stresses that the pipes will endure due to the conditioning elements of the
environment that they are being subjected to strain gauges are applied onto our 3 sample tubes. The
strain gauge applied is a biaxial strain gauge that measures axial and circumferential (hoop) stress,
type 6/120 XY91from HBM with resistance 120 Q + 0.50 %.
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Figure 44: Schematic of type of strain gauge used (XY9 Stacked grid with leads)[85].

Initially, the most important step is to avoid any contaminants that might affect the ability of the
adhesive to transmit strain from the pipes to the strain gauge. So, cleaning the surface with the use
of a solvent such as acetone or alcohol to remove any grease or oils from the surface to which the
strain gauge will be bonded to was done. This prevents any contaminants from being driven into
the surface while performing subsequent steps. Hence, by cleaning an area larger than the gauge

helps in avoiding any contaminents being introduced to the gauge area [98].

Moreover, Abrading the surface to remove any oxidation, or coating from surface finishing.The
abrading is doneusingsand paper to ensure proper smooth texture for adhesion. Keeping in mind to
not over-brade the surface resulting in alteration of either dimensions or mechanical properties of
the pipe .After the surface has been prepared, we do not let it stand for more than few minutes and

apply the gauge to it[98].

3.1.2. Bonding the Strain gauge and Functionality test

Preparing the gauge to be applied should be done in a careful and smooth way, firstly with the use
of a tweezer we grasp the gauge and place it on the clean working area wth the bonding side
down.Then with the use of proper length apporximately 15 cm of cellutape to pick up the strain
gauge and transfer it to the gauging area of the pipe.Aligning the strain gauge in such a way that
makes the gauge plane parallel to the axis of the pipe. Then by pressing one end of the tape to the

part, following that we smoothly place the whole tape and the gauge into position [98].
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We then apply the catalyst by lifting one end of the tape such that the gauge is not in contact with
the gauging area and the bonding site is exposed. After spreading the catalyst evenly on the area
and the gauge we then apply enough adhesive to guarantee coverage under the gauge for proper
adhesion. Figuring out what is enough adhesion required some trial and error iterations as the
adhesive we used was Z90 adhesive solution which did not spread evenly under the surface of the
gauge in the first attempts.After applying the adhesive, the strain gauge was under gentle thumb
pressure to guearantee the bonding as much as possible, so applying pressure for 4-5 minutes

fulfilled the adhesion process.

The above procedure of surface preparation and bonding of the strain gauge was done before the
assembly of the covers and the rest of the apparatus to our 3 sample pipes we received from
Compotech . In Figure 45, we can see the strain gauges applied on the pipes.

Figure 45: Applied Strain gauges on pipes

Following the application of the strain gauge on the pipes, the lead wires are then soldered
onto solder terminals between the connecting cables and the strain gauge itself (see figure
46). This will facilitate perfect solder joint and provide strain relief for the strain gauge
connections.In this experiment the connection used is a 3 wire sensor connectionwhich
means that every grid leads will be connected to a total of 3 wires that facilitates the
connection between the strain gauge and the data acquisition system. Moreover, benefits
acquired from such a connection include automatic compensation for the effects of
leadwire temperature changes on bridge balance and increased measurement sensitivity
compared to the two- wire configuration.In figure 47 we can see the circuit of the 3 wire

connection and general specification of the DAQP-STG data acquisition system used.
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Figure 46: Control Pipe , soldered strain gauge lead wires and connection to wheatstone bridge
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Figure 47:connection of strain gauge toDAQP-STG 3 via connector scheme and general specification [86]

Measurements depend on the right connection cables, they have to transfer the measurement
signals from the strain gauge to the DAQ system and also have to avoid interference signals and

resist stress during their use.

——

Figure 48:Six DB9 connectersconnected to DAQ to complete compensation circle of the three strain gauges
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The connection cable wires were soldered to the DB9 connector (covered with the plastic hood
cover as shown in figure 48)per the 3 wire connection shcematic shown in figure 48. A DB9
connector is an analog socket with 9 pins from the D-subminiature’s connector family [87],after
performing the connections the set up was tested for functionality through a computer software
called DEWESOFTX and following the setting up given initial settings as the 3 wire connection,
output obtained is a plot of strain gauge (mV/V) against time in seconds as shown in figure 49.Any
stress applied by hand on the pipe would show a different pattern of increased fluctuations

indicating the succesful response of the strain gauge.

Figure 49:Stralin gauge functionality check and plotting of Output (mV/V) against time (s)

3.1.3. Cyclotron TR 24 and Turbomolecular pump

In order to provide the conditioning elements taken into account for the environment that the
composite pipes will be in the Cyclotron TR 24 is used as a radiation source directed onto the

pipes and a turbomolecular pump is for pipe evacuation.
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Figure 50: Cyclotron TR-24 of the canadian company ACSI (Advanced cyclotron systems Inc.) in the Czech academy of
sciences irradiation chamber.

This cyclotron provides proton beams with energies ranging from 18 MeV to 24 MeV. Equipped

with an axial injection system with an external ion source of the CUSP ( cyclotron up scattering

process) type which enhances the reachable current of the accelerated beams up to 300 pA [88].

TR 24 — Advanced Cyclotron System Inc. (canada)
Protons energy range 18- 24 MeV
Max. beam current 300 pA
Accelerating frequency 85 MHz
Aceelerating voltage 50 kV
lon source Multi-CUSP
Simultaneous beams 2
Weight 25t
Size 1.8x18x25m
Power consumption 180 kW
Average magnetic field 14T

Table 14 : Parameters of cyclotron TR-24[88]

The sample assembly of the pipes was subjected to a beam with an energy of 24 MeV , monitored

at a thin carbon foil which detects the particles. The EPR (Electron paramagnetic resonance)
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current of the beam is 2 pA and pipes were exposed for almost 30 minutes.Figure 51 and Figure

52showthe resonating trend of the beam’s EPR cuurent plotted against the irradiation period and

report showing other current parameters from the monitoring system respectively.
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Figure 51: TR-24 EPR current plot through irradiation period
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A Advanced Cyclotron System Inc.

REPORT

Operator: ACSI-TR24'AC Date & Time: April-20-22 12:00:55
Beam on date: 4/ &/2022 Beamontime 10:38:20 Elapsedtime: 0:26:02
SIDE 2 Branch C SIDE 1
_ TGT: 1C Dummy
EPR: Radius:  508.2mm EPR: Radius:  598.2mm
Azimuth: 2.20 Azimuth: 0.66
Energy 24.0MeV Energy 33.9MeV
Current: 2.0pA Current: -0.0pA
EBF: L: -0.1 pA R: 0.0pA
CM: -1.8A -1.5A
CBF: L: -0.0 pA R: -0.0pA
BSTZ: D.0A 10.3 A
, -0.0
PSL. G_D {}ﬂ 'D.CI
BQ21: BO.3A BO.2ZA
BQ22: 101. A 101. A
SM: B25A B2E5A
BBF: L: 0.0 pA R: 0.0 uA
TS X 144mm Y: 1.24mm
PCL: L: 0.0 pA R: A pA
TBF: 0.0 pA
TCL: 0.0 -0.0 0.0
0.0
Beamling loss: -0.0 pA TCL sum: 0.0 pA
Target current: -0.1 pA
Transmission: 39.0 %
Pressure: 68.1 Bar
Beam counter: 0.0 pAmin
CURRENT SUMS EPR Sum 2.0 Target Sum 5125
TGT+TGL+TBF Sum -0.1 Transmission Total % e
CURRENTS XVo 2.8uA | ION SOURCE
PPR 0.3pA Inflector () 7.50 kV 2.25 pA
.22
MAGNET 7860 A 48024 A | 100 zS0kv 122pA
Q01 327 A 3.23 A
RF AmpRef 50.00 KV 50.03 kV
RefP 0.05 KW
Coupler 3.95 3.98 YSTO1 021 A -0.16 A
Tuner 5.95 5.77 XSTo1 072 A 0.58 A
Phase 5.95 Extract supply 0.66 kV 0.66 kV
Pwid 40.0 3.97 mA
VACUUM Plasma supply  3.90V 3497V
Temperatures: Pressures: , 317 A
CPO1 117 K 101 80.33 pPa | Filamentsupply 221.5 A 2%14§$
18.5 K Pa -
cP2 :ggg gigg Epa Arc supply 95.00 V 91.96 V
SITE WATER 56°C 445 A 47 A
18.6 Bias supply 28.00kV  27.92 kV
FILAMENT USAGE 103 hours Flow controller 5.50 sccm  4.49 sccm

Figure 52: Experiement’s Irradiation Report from the TR-24 monitoring system
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The second conditioning element taken into account in this experiment is vacuum where vacuum
pressures have to be achieved inside the sample pipes when assembled through a vacuum sealing
centering O-ring in between the KF flanges from the pipes sample assembly and the pump tube
restrained together by a clamp to ensure contact. The pump used is the Scrollvac SC 5D shown in
figure 53, the sample pipes were evacuated down to 10~2 measured using pressure sensor PCG55x
ATM to Medium Vacuum Gauge.

Figure 53: Vacuum pump connected to pressure sensor through valve top flange

3.1.4. Sealing Covers assembly and set up in Irradiation Chamber

The experiment is mainly based on the testing of the three carbon composite pipes. Two of the
three pipes have two shoulders on the ends with three rail patterns forming a diameter slightly
bigger than the nominal diameter see figure 54, where O-rings are fitted with the use of DOW
CORNING high vacuum grease to smoothen the fit. After the O-rings are mounted (see figure 55)
the two tubes are facing each other and are fitted onto a costume ring in between the bottom pipe
(Pipe no.3) that is connected to the vacuum pump through the KF 40 flange.The top pipe is only
covered by the flange and top cover bolted by 12 bolts with cylinder head and inner allen on each

end as shown in figure 56.

Pipes with grooves
(gland) for O-rings

Pipe with no rails (control)

Figure 54:CFCexperiment pipes
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Figure 56:Assembly of railed pipes with costume ring, covers and flanges

In order to be able to distinguish the ouput readings obtained from the three strain gauges the pipes

were numbered in the following order by the white cellutape around them :
1. Control pipe that is taped to the assembly parallel to the Irradiated pipe.
2. Evacuated Irradiated pipe (top pipe) that is irradiated on the mid-section by the beam

3. Evacuated pipe (bottom pipe) which is connected to turbomolecular pump through a KF40
flange.

Following the assembly of the pipes as shown in figure 56 , we had to position them vertically in
such a way the beam from the source is hitting the target which is the pipes in a direction
perpndicular to the center axis of the pipes. To ensure the beam of particles hitting the target,
BOSCH line laser PLL 360 (see figure 57) was used to mark the path of the particles and therefore
we are able to guarantee the beam striking the desired target region on the pipes.Ametallic extruded
framing with rails was used to level the sample assembly with the target path of the particles by
taping the costume ring in the middle of the assembly to the framing and the rails are used to mount

the KF-40 flange clampgripping the hose of the vacuum pump in contact with the framing.

78



|

Figure 58:Pipes samﬁl assmbly taped to metallic framing and connected turbomolecular pump hose.

Following the fixation of the pipes sample assembly and alignment with the target location , the
strain gauges were checked for functionality again and the Pipe (No.3) connection through the
KF40 flange was tightened and locked by the clampover the vacuum pump hose where it started
evacuation through the vacuum pump.The irradiation chamber is then evacuated from the staff and
the recording of the strain gauges started through the software DEWESOFTX and the samples were
left in the chamber for approximately90 minutes since the irradiation started.

3.1.5. Strain Gauge Data

Recorded responses of applied strain gauges were labelled in the order listed below, as each strain

gauge provides two sets of values. One for axial stress and the another for circumferential stress.

e Control Pipe No.1 : Filtered Axial Stress (FA1), Filtered Circumferential Stress (FC1)

e Top Pipe No.2 : Filtered Axial Stress (FA2) ,Filtered Circumferential Stress (FC2)
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e Bottom Pipe No.3 : Filtered Axial Stress (FA3), Filtered Circumferential Stress (FC3)

The Data obtained was very large approximately up to 7 million data points were recorded as the
data saved included readings with part of a second. The Data acquisition system has a feature of
providing filtered readings from the noise of the signals perceived. Below is a snippet of the data

columns obtained in .txt format from DEWESOFTX program.

Data info

File name: D:\data\rez_B86d.dxd
Start time: 4/28/2022 11:6:87.809
Humber of channels: 13

Sample rate: 1008

Store type: slways fast

Datal

Tine (s) 1A (WV/V) 1€ (mV/V) 2 (aVV) 2 (mV/V) 30 (nV/V) B C) vac (V) 1A/Filter (-) 1C/Filter () 2AfFilter (-) 20/Filter (-) 3A/Filter (-) 3C/Filter (-)
] 0.196683464 2.818956196 8.835648184 -B.883556987  ©.801790728 -8.889762328  9.993896484 0.196603464 2.018956199 8.835648108 -8.883556907  0.8@1798732 -0.889762332
8.801  8.187998252 8.828937454 8.83582811 -0.883382862  @.801793113 -0.88983147 9.993986975 0.186689464 8.818956199 8.835648108 -8.883556907  0.861798732 -0.889762332
0.802 0.186719136 2.018617641 8.836022421 -0.883088415  ©.00186583 -8.889559672  9.993967856 0.196603464 2.818956199 8.835648108 -0.883556907  0.8@1798732 -0.889762332

0.803  0.108492586 .819977819 0.837318226 -0.002170503  ©.802591815 -0.00853328 9.993991852 0.196609464 .818956199 0.835643108 -0.003556907  0.001798732 -8.009762332
0.804  9.18597782 .81885354 0.845464989 0.88536114 8.806737914 -0.002019685  9.993985867 0.186689464 2.818956199 0.835648108 -B.083556907  ©.001798732 -8.889762332
0.805 0.104278922 0.000512134 0.944724599 8.085067885 0.805845036 -9.002661031  9.993927002 0.196609464 0.818956201 0.835643108 -8.003556907  ©.001798732 -8.009762332

0.806  9.185351311 .808557434 0.842888531 0.883550351 8.804465785 -0.004037898  9.9939394 0.186689464 2.818956283 0.835648108 -B.083556986  ©.891798733 -8.089762331
8.807 9.195727481 0.880713558 0.842283293 0.883102124 8.003832784 -8.004347842  9.993917465 0.106689471 0.818956283 8.835648111 -0.803556982  £.001799734 -8.089762323
0.808 9.185933713 .884424583 0.83767943 -8.0a115484 8.801367535 -0.008168155  9.993983269 8.186689479 2.813956283 0.835648122 -B.083556893  ©.001798738 -8.289762322

8.809 9.198284354 0.813386738 8.833576246 -0.085182922  -£.00@486169  -0.81132993 9.99480425 0.106609436 0.818956196 8.835648145 -0.883556872  £.001799748 -8.809762307
0.81  9.189069943 .82258135 0.829537436 -0.008939207  -B.002113376  -0.014577191  9.993953785 8.106609508 0.818956166 0.835648189 -8.00355683 0.801790768 -8.209762274
0.811  9.18943234 .829895832 0.829337164 -8.08946492 -8.001796279  -8.81455931 9.993979454 8.186689538 .818956897 0.835648271 -8.083556754  ©.091798883 -8.889762214
0.812  0.108321309 0.833273231 0.826432034 -9.012430847  -£.003255401  -0.017098123  9.993935585 0.186609575 0.818955957 0.835643409 -8.003556624  ©.001798863 -8.08976211
0.813  9.189804273 8.83651334 8.8291869 -9.010264814  -B.80142673 -8.814989655  9.993938446 0.186689628 .818955728 0.83564862% -8.083556417  8.001798957 -8.889761945
8.814  9.197768178 0.830126186 0.83394221% -0.885789697  ©.801194682 -0.81122145 9.993947983 0.186689702 0.818955296 8.835648957 -8.083556187  @.8817918% -8.089761697
8.815  9.185599927 8.823952257 0.836531445 -8.083177822  ©.802370086 -0.089078067  9.994812833 8.186609792 .818954663 0.835649426 -B.083555662  ©.801791291 -8.2089761341
8.816  9.195285214 0.828459425 8.835397764 -0.004024208  £.001448253 -0.010026973  9.993951797 0.186689918 8.818953739 8.835650871 -0.883555852  8.001791554 -8.80976885

Figure 59: Snapshot of Output data .txt file

14 data columns are present in the .txt files where we considered only 8 of them as we plotted time
in minutes against the filtered data of each gauge ( Axial and circumferential stress) signal output
given in (mV/V) for the three pipes. In addition to the readings gathered from the pressure
sensorlabelled in the .txt file as Vac (V). The plots were done in MATLAB R2019a after importing
the columns to the workspace and labeling them accordingly, where the following equations (39)
and (40) were used to convert the strain gauge signal outputs into strain (&) and pressure sensor
output to pressure unit (mBar) respectively.Thus, a multiaxis plot including pressure in mBar,
strain (in the order of 10~°) and time in minutes was scripted to show the readings throughout the
experiment.

_ (mV/V).Z

1000 (39)

P = 100.778(U—C) (40)

Where in equation (40) , ‘P’ is pressure in mBar, ‘U’ is the output signal in VV and c is 6.143
obtained from operating manual of the pressure sensor. Since the columns provided different values
where the strain gauge responses were of similar magnitude but the output from the pressure sensor
was of a much bigger magnitude the plot must be limited on the y-axis starting it from zero to 1.5.
This way we can notice changes as they occur to the strain gauge responses with reference to the
time measured and the values recorded from the pressure sensor. Note that the time column was
divided by 60 to give time in minutes. The plots are shown next with description on what we
interpreted from the bumps, peaks and fluctuations observed. Note that all the filtered data columns
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got subtracted from the initial reading value present at time being 0 to ensure compensation of any
existential readings before irradiation. We should also state that the left y-axis has been scaled
down so that the strain gauges plots are comparable to that of the pressure sensor as they are of

higher magnitude.

Control Pipe (Ne.1)

Pressure mBar
Strain (-)

Irradiation Ends

/
™~~~

> 4 ——— i,
= I I I | | | I
o 20 40 60 80 100 120 140
Time in Minutes

Figure 60:Control Pipe Plot

In figure 60, we can see 3 plots labelled as SFAL1 (Axial strain) , SFC1 (Circumferential
strain) and Pressure sensor. SFA1 showed a positive strain characteristic indicating the
nature of the stress experienced being tensile, as we know that the Irradiation
approximately started in the 33 minute of the plot duration we can notice a gradual
decrease of axial strain during the period of irradiation followed by normal steady
fluctuations in the cooling down period. The circumferential stress (SFC1) showed
increasing fluctuations pattern during the irradiation period as the temperature increases
leading it to an eventual higher magnitude than the axial stress after the irradiation stopped
and thus the set up was left to cool down. This plot tells us that the response of
circumferential (hoop ) stress is sensitive to temperature as it leaves residual stresses
increasing the overall magnitude of circumferntial stress due to thermal loading as the pipe
was not subjected to internal vacuum pressure. Moreover, the spikes noted in the beginning
of the plot of the strains can be due to transient surges that the strain gauges experienced at
the start.
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Figure 61:Sample Pipe No.2 Plot

In figure 61, the plot of the top pipe (No.2) strain gauge responses is shown. Initially, as this pipe is
connected to the sample assembly that is evacuated through the vacuum pump down to 10~2 mBar.
The strains had a steady pattern with no fluctuations on either axial (SFA2) nor circumferential
(SFC2) strain below zero indicating a negative value due to compression experienced from
evacuation but the fact that the output was showing steady horizontal line with no fluctuations is an
odd unexpected behavior. When the irradiation started a small drop followed by a rapid increase of
both strains experienced by the pipe, differing in magnitude is the axial strain having the highest
peak on the plot. This indicates that the heat caused by the irradiation is inducing more axial stress
on the pipe, that can be due to micro expansion of the molecules of the pipe due to thermal loading
building up. Furthermore, after the peak fluctuations during the irradiation period the strains
decreased rapidly back to lower levels of strain with higher magnitude than initial indicating the
pipe being under compression again with no much fluctuations which might tell us that the strain
gauges experienced some sort of detachment due to the lack of readings and steady non rapid
output. By the end of the recording, the circumferential strain that had significantly higher
compression magnitude compared to the axial strain , showing us its sensitivity towards heating
being more than axial strain.Moreover, the magnitude of the strain measured is in the order of 1073
which is bigger than the other two strain gauge data obtained hence the possibility of detachment

causing bigger strain output can be valid .
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Sample Pipe No.3 (Evacuated )
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Figure 62:Sample Pipe No.3Plot

In figure 62, the plot of the bottom pipe (No.3) strain gauge responses is shown. The plot is mostly
showing negative values of strain indicating that the stress experieneced by the pipes as
compressive.Since the bottom pipe is connected to the vacuum pump through the KF40 flange,
therefore it is experiencing internal compression due to the evacuation that took place. We can
notice that during the irradiation peiod the strain magnitude increased in the compressive manner
indicating possible effects of temperature gradient (increased temperature) , even though the target
source was aimed at the top region between the top and control pipe.We should also mention that
the connection of our strain gauges was the quarter bridge configuration and it does not compensate
temperature effects that can also be leading to the significant prescence of the dip on the strain
plots during the irradiation period,Morover, in all of the 3 plots we can say that the magnitude of
the circumferential stress is always bigger than that of the axial , confirming the thin wall cylinder

theory formulae.
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3.1.6. Strain Gauge responses after irradiation

After Irradiation of the pipes, they were stored for 40 days or more till their radiation level is safe
to handle. Where after, we would like to check the functionality and responses of the strain gauges
after radiation exposure. Some observations were made as we can notice the top samplepipe (no.1)
biaxial strain gauge was peeled off, including one of the solder pads which can be due to the
adhesive evaporating , the connection wires experienced discoloration as well as the solder color
did change which might indicate changes in the resistance of the wire causing possible alterations

in the signal outputs.

Figure 63:Irradiated Sample pipe (No.2) , peeled off strain gauge

In figure 63, we can notice the discoloration that seems like a burning effect of the white tape
around the pipe indicating the elevated temperatures that can probably cause full degradation of the
tape if it was kept for a longer period. Moreover, is the discoloration of the stranded wire covers as
they were brown,white, and gray before irradiation. After exposition, the color changed to black
due to the burning caused by the ionizing radiation. In addition to the puffy looking solder with a
brighter color than its initial silver look that it had before exposure (see figure 64), this might have

affected the resistances of the wires in a way giving either higher or lower output responses.
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Figure 64: Sample pipe (No.2) , Before Irradiation

In order to confirm the hypothesis B, the experiment was repeated in CTU Labs using an older
turbomoleculer pump that does not reach as low levels as the one used in the Irradiation chamber.
Similar procedure was followed as the first experiment. Hence, the pipes were assembled and a
rossette Strain gauge was connected instead of the peeled off biaxial strain gauge on the sample
pipe (No.1). The cables were connected and their functionality was checked via the DEWETRON

DAQ.

Figure 65: Sample Assembly Set up in CTU
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Figure 66: Vacuum pump used in CTU

To check whether the strain gauge responses differs before and after irradiation, we will consider
the biaxial strain gauge that is still attached correctly on the sample pipe (No.3) as the plot we
obtained from the first experiment seemed like the most reasonable one. Therefore, from the
second experiment we will check what is the lowest achievable pressure by the pump from the
pressure sensor reading and check the output value obtained from the biaxial strain gauge that was
applied on the bottom pipe. Then considering this lowest value of pressure achieved by the older
vacuum pump , we check the closest value to that pressure that was achieved on the first
experiment in the irradiation chamber and hence check the strain gauge outputs perceived and

compare the values.

As the evacuation started we were keeping track of the readings on the pressure sensor and waited
till the value was not fluctuating no more. This is where we assumed that the pipeswere evacuated
to the pump’s limit. In order to induce some stresses considering that the element of radiation was
not there. We altered the valve between the hose and the pipe to induce some stresses caused by the
pressure differences to see if the strain gauges will catch the responses due to the valve being
opened and closed. The plot of the sample pipe (No.3) strains included the vacuum pump being
started and turned off twice. In figure 67, the plot of sample pipe (No.3) is shown. We can see 6
bumps on the pressure sensor plot caused by the following order :

1. Initial Evacuation.

2. Stopping the Pump.

3. Opening the Valves.

4. Starting the pump.

5. Stopping the Pump again.

86



6. Opening the valves.

Sample Pipe No.3 (Bottom)
0 T T T T

Strain (-)

Figure 67: Sample Pipe (No.3) 2" experiment plot.

Now according to the data file that was used to plot the output of the biaxial strain gauge on the
sample pipe (No.3) from the second experiment:

® P ynd Experiment = 51674 mBar; is the lowest pressure achieved.
The strain values obtained from the two grids of the Biaxial strain gauge at that pressure is :
*  Ecircumferential = —5422x107°
*  Eppim = —1.829%x107°
Both values of strain are negative indicating compression experienced by the pipe at that pressure.

Now according to the data file obtained to plot the output of the biaxial strain gauge on the sample

pipe (No.3) from the first experiment:

® P st Experiment = 51641 mBar ; is the pressure closest to the lowest pressure obtained

in the second experiment.

The strain gauge response values obtained from the two grids of the Biaxial strain gauge at that

pressure is :
®  E&Circumferential — — 4.676 x 107>
®  Cpxial = — 1.557 x 1075

Both readings of strain output have a negative value indicating compressive strain which is the
state the pipe is at when being evacuated down to the range of 5.16 mBar (516 Pa) , this can
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subtantiate hypothesis Bwhere we can

responses before and after irradiation.

notice no significant differences in the strain gauge

3.1.7. Finite Element Analysis (FEA) simulation

To check the stresses and expected deformationcaused by vacuum on the structural integrity of the

composite pipe, FEA analysis was performed including stress and critical buckling analyses were

performed on ABAQUS. The model was simplified to a thin wall cylinder of thickness 0.91 mm ,

internal diameter 52 mm and length of 130 mm. Since our pipe is a CFC composite, we obtained

the following data from the manufacturer (COMPOTECH).

Composite Mechanical Property

Magnitude (MPa)

Effective Axial Modulus (E,) 21913
Effective Tangential Modulus (E,) 124603
Effective Shear Modulus (Gy,,) 4837
Table 15: CFC sample Mechanical Properties.
Layer Number Orientation of | Layer thickness Volume Fiber type
fiber Fraction (V)
- ° mm % -
1 89 0.27 63 Hypersensitive
Carbon
2 +/-21.7 0.45 63 Hypersensitive
Carbon
3 89 0.19 63 Hypersensitive
Carbon

Table 16: CFC sample Layers Composition.

Knowing the simplified pipe parameters, a circle with radius 26 was extruded up to a height of 130

mm. Given this provided information the model of the composite chosen is that of a Lamina.
Where material properties required by the software are E1 , E2 , G12 , Nul2, G12, G13 and G23.
Where G12 refers to the In-plane shear modulus, G13 and G23 refer to the transverse shear

modulus. Hence, for simplification the following assumptions were set:

e E1=21913 MPa

e E2=124603 MPa

e Nul2 = Poisson’s ratio = 0.3

o (12 =4837 MPa

e (13 =4837 MPa
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e (23 =3100 MPa

Moreover, the material properties set up, using the composite layup manager the composition of the
lamina is set according to Table 16 . The Lamina layers stack up is shown in figure 68. Following
the layer composition , the assembly is set by selecting the part through the program where we
move forward to the step manager to set the type of analysis we would like to perform. Static
(General) is the procedure selected to perform the analysis of stress where the loads are due to
inside vacuum pressure down to (10~2mBar = 1 Pa) and outside ambient pressure being 101325
Pa. The pipe is then referenced, and the boundary conditions are fixed supports on the end faces.
The software meshes the part bearing in mind that the student version of ABAQUS is limited to
1000 nodes. Hence, the job is created and submitted to obtain results of the stress conditions set.

Viewport: 1 Model: Model-vaccum Part: Part-2 Viewpert: 4  Model: Model-buckling

Lavup: "CompositeLayup-1"
Total thickness: 0.910000.
k Plot of plies 1 to 3, of 3.

Figure 68: Modeled pipe , Lamina lay-up composition thickness in mm

3, Mises

SMEG, (fraction = -1.0), Layer = 1

(Awg: 75%)
+4.319e+00
+4.193e+00
+4.067e+00
+3.941e+00
+3.815e+00
+3.68%e+00
+3.563e+00
+3.437e+00
+3.311e+00
+3.185e+00
+3.05%9e+00
+2.933e+00
+2.807e+00

Step: Step-1
Increment &: Step Time = 1,000

7 X Prirnary War: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 69: Modeled pipe, Equivalent Von-mises stress (MPa)

In figure 69, we can see the equivalent stress state of the pipe due to internal vacuum and external
ambient pressure. The lowest equivalent stress magnitudes are those present on the end faces of the
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pipe as they are constrained with fixed support and the maximum is in the mid-section of the
pipe.Most of the mid-section of the pipe is experiencing an average equivalent stress approximately
4.19 MPa.

To be able to tell the nature of most of the stress experienced by the pipe due to the conditioning
elements being the vacuum internally and externally ambient pressure. A plot of Maximum
principal stress is shown in figure 70. We can notice that the color scale has only negative values
which tells us that the pipe is under compression. Which makes sense considering the smaller
number of air molecules when internally there is vacuum pressure and the pressure exerted by the
ambient pressure molecules loading up the pipe with compression. As the pipe is loaded with
compressive stress there will exist some deformation even though it is of small values. In figure 71
we can see the deformation on the pipe due to the compressive stresses being experienced,
especially in the mid-section is where the maximum magnitude of deformation exists up to a

maximum of 0.000561 mm and the ends having minimal as they are fixed.

S, Max. Principal (Abs)

SNEG, (fraction = -1.0), Laver = 1

{Avg: 75%)
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-4,311e+400
-4,4472+400
-4,583e+00
-4,719e+00
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Y
I ODB: Job-3-Copy1659282265.558.0db  Abaqus/Standard 6.12-1 Wed Jul 27 21:04:14 Central |

Step: Step-1
z X Increment 6: Step Time = 1.000
Primary Var: S, Max. Principal { Abs)

Figure 70: Modeled pipe , Maximum Principal stress (MPa)
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+5.610e-04
+5.143e-04
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.
Step: Step-1
Incremsnt  6: Step Time =  1.000
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Deformed Yar: U Deformation Scale Factor: +1,000e+00

Figure 71: Modeled pipe, Magnitude of deformation (mm)
90



To check the structural integrity of the pipe under axial loading, buckling analysis will be
performed. Similar set up steps that was done for the vacuum analysis is done again for the
buckling analysis up until selection of procedure, where we change it to linear perturbation and
pick “Buckle”. Thus, we then set the load considering the axis of the pipe as this is where it will be
acting on which is the z axis in our model’s case. Furthermore, the 1** mode of buckling is what we
are interpreting as we are considering fixed supports on both ends. In figure 72, we can see the

deformation of the pipe under the 1%t mode of buckling.

U, Magnitude
+1.007e+400
+9.232e-01
+8.392e-01
+7.553e-01
+6.7142-01
+5.875e-01
+5.035e-01
+4.196e-01
+3.357e-01
+2.518e-01
+1.678e-01
+8.392e-02
+0.000e+00

ODB: Buckling Attempt1659284856.798.0db  Abaqus/Standard 6.12-1 Thu Jul 21 17:46:28 Cer
A Step: Step-1
z X Mode 1: EigenValue = 1.28029E+05
Primary Var: U. Maanitude

Figure 72: Modeled pipe, Magnitude of Buckling deformation (mm)

To quantify the buckling stress that leads to this deformation shown in figure 72 we can simply
take the Eigen value shown in the plot and divide it by the surface area of the pipe and this value

would be the critical buckling pressure for the 1%t mode as shown below :

n(D? — (D — 2t)?)
4

Area(pl-pe) =

Where ‘D’ is the outside diameter of the pipe being 52.91 mm and t is the wall thickness which is
0.91mm

7(52.912 — (52.91 — 2(0.91)?)
4

Areapipe) = = 148.7 mm?

EigenValue 128029 x 10° N

= 861 MP
Areapipe) 148.7 mm? ¢

OBuckling =
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3.1.8. Theoretical deformation due to internal Vacuum pressure

Considering our CFC pipe as an orthotropic material we can use the generalised Hooke’s law for a
linear elastic material thoery and inverting it giving us the general strain-stress relationship for a
3D body in a 1-2-3 orthogonal cartesian coordinate system which is [89] :

& [S11 S12 S13 S14 S15 S16]p 0y
g | 1521 S22 S23 Saa Sos Sy | o
€3 S31 S32 S33 S34 S35 S36 || 03
V23| [Sa1 Saz Saz Sas Sas Sae |[|T23
Var] |S51 Ssz Ss3 Ssa Sss Sse ||T3t
120 1Ss1 Se2 Se3 Sea Ses Sesl 12

Where we can simplify and redefine the elements subscripted in the matrix to the given
assumptions,we have to determine the deformation caused due to internal vacuum pressure and so

we will write the same equation as :
511 S12 0 7[%
566 Txy

e 0, is the stress acting on the x-plane being the longitudinal stress on the pipe.

Where :

e 0, isthe stress acting on the y-plane being the circumferential (hoop) stress on the pipe.
* T, isthe shear stress induced on the xy plane.

e ¢, and e, is the strain due to the stress acting on x and y planes respectively.

* ¥y, istheshear strain due to the shear stress acting on the xy plane.

« S;jare elements of the compliance matrix.

e p,=1Pa

e FE,=21913 MPa

e E,=124609 MPa

® Gy, = shear modulus in xy — plane = 4837 MPa
e d;=52mm,t=091mmandL =130 mm

e Assuming Poisson’s for our pipe v = 0.3
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Hence for thin- wall pipes we can calculate :

Pd;  (1)(52)
= 279860 P
T 2t T 20090 a

Pd; (1)(52)
oy = —=

- — 1430 P
4t 4(0.91) a

y—Ox 28.6—14.3
Tyy = > = > = 7.15 Pa

Thus we can quantify the elements of the compliance matrix (S;; ) using the given mechanical

properties where :

1 _ 1 — -11p,-1
e S, = E, = 21913x106 456 x 10~ +*Pa
o S,=—=—2__—1369x10"11Pa?
12 7 g, 7 21913x106 ~ a
e Sy, =—=———_=8025%x10"12pa!
22 7 B, T 124603x106
-1 _ 1 — -10p,-1
o S = = 2.067 x 10~ 1°Pa

Gxy  4837x106

Now we plug in the quantities calculated in the matrix :

Ex 456 x 1071 1.369 x 107! 0 14.3
lfy] = [1 369 x 1071 8.025 x 10712 0 ] [28.6]
Y 0 2.067 x 10711 7.15
456 x 10711(14.3) 1369 x 10711(28.6) 0
] = 1369 x 10‘“(14 3) 8.025x 1072 (28.6) 0
0 2.067 x 1071°(7.15)

€y | = 11369 x 107'1(14.3) + 8.025 x 107 (28.6)

y
2.067 x 1071°(7.15)

[ x] 4.56 x 107'1(14.3) + 1.369 x 1071 (28.6)
xy

14

So, the induced strain due to internal vacuum pressure gives the following values :
€x 1.04 x 107°
& | = [4.25 x 1071°
Viy 1.48 x 1077

AC = &, - (nd)

And we know that :

Where ¢;, = ¢, is caused by a,,and we can therefore compute the change in circumference :
AC = (425 x1071%) - (m(52)) = 6.94 X 10™8mm = 6.94 x 10~ 5um
The change in length due to the longitudinal stress can be simply computed by :

AL =1L"&, = (130)(1.04 x 10™°) = 1.35 X 10~ ’mm = 1.35 x 10~ *um
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Thus, we can notice that the possible deformation due to internal vacuum is of negligible

magnitude.

To compute the buckling pressure due to a compressive load we can use the Euler buckling
equation developed for Isotropic materials but modified to consider the influence of material

orthotropy, the following formula can be used [97]:

% E,

g, =
b Kl

2
[(5) + 1.2n2(£—’; 1
Where :
e E, isthe axial stiffness in the direction of the compressive loading (21913 MPa)
® Gy, isthe shear stiffness in the direction of buckling (4837 MPa)

o [isthe length of the pipe , assuming the fixed support ends being the end faces.( L = 130

mm)
e K is the constraint factor which is 1 for the case of fixed supports. (k=1)

e 1 is the radius of gyration of the pipe’s cross section , where :

=18.5mm

- - m(52.914— 524)
\/Area Moment of Inertia for a pipe (—64 )
r= =

Area of pipe (n(52.912— 522)
4

Hence we plug in the given in the buckling stress formula to we obtain :

m? X (21913 x 10°)
op = = 2.1 GPa

(1)(0.13)\? 5 21913106
[((0.0185)) + 1.2z (4837><106 )
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4. Discussion and Conclusion
In general , composite material buckling theory is not quite commonly investigated. As

applications that include buckling analysis are mostly done on conventional materials that have
been studied thoroughly. Considering the application of the CFC pipe in an accelerator facility,
such pipes would be of much bigger dimensions than the samples we investigated in this thesis.
Therefore, the susceptibility of buckling is definitely one of the failure modes that should be digged
into deeper during the material selection stage of design.

The irradiated evacuated sample pipe (No.2) showed some minor discoloration or could be a
gassing phenomena. This finding should be studied considering the type of resin in the pipe used
by the manufacturer and the possibility of different types of resin might have different reactions to
irradiation at various doses. Another remark, would be the questioning the effectivity of the resin or
how long can it endure irradiation and not cause any internal defects affecting the structural

integrity of the pipe as the irradiation might be changing the internal structure of the resin.

Moreover, the fact that for the irradiated evacuated pipe (No.2) strain gauge peeled off after
irradiation puts some doubts on the reliability of readings obtained from the strain gauge responses
as the magnitude of strain measured was in the order of 103 which is bigger than the other two
pipes measured being 10~°. As initially when the pipes were assembled the strain gauge backing
strip seemed to be in tight contact with the pipe and did not have any gaps that might lead it to peel
off. This can be due to the adhesive becoming more ductile as the temperatureincreases making it
weaker. Adding to that, the solder of the strain gauge that peeled off had a different brigther color
than its initial silver color this might lead to alterations in the resistance of the wires giving

different responses either in higher or lower magnitudes.

In regard to the FEA performed we should bear in mind that the ABAQUS version used is the
student edition one which is limited to 1000 nodes. Hence, more accurate results would be
achieved if the number of nodes is increased as results are dependant on the number of nodes that
the software uses to perfrom calculations giving us results. Nevertheless, the models simulated give

a good idea about what can be expected when subjected to internal vacuum pressure .
1) From the modeled FEA analysis the following results were obtained :

1) The equivalent stress when the pipe is subjected to internal vacuum (1 Pa) and external
ambient pressure (101325 Pa) has a maximum of 4.192 MPa , majorly located in the mid

section of the pipe.

2) The Principal stress acting on the pipe is of compressive nature with a maximum of 4.85

MPa , also majorly located in the mid section of the pipe.

3) Maximum deformation due to the internal vacuum pressure (1 Pa) is majorly in the mid

section of the pipe with a magnitude of 5.61 x 10~* mm.
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4) Maximum deformation from 1% mode of buckling has a magnitude of Imm , and critical

stress computed from eigen value obtained from model is 861 MPa.

2) From the theoretical deformation due to internal vacuum pressure calculations , the

following results were obtained :
1) Circumferential stress generated due to 1 Pa of vacuum pressure is 28.6 Pa.
2) Longitudinal Stress genereated due to 1 Pa of vacuum pressure is 14.3 Pa.
3) Circumferential strain generated is equal to 4.25 x 10~1°
4) Longitudinal strain generated is equal to 1.04 x 10~°.

5) Change in circumference due to circumferential stress is of negligible magnitude
being6.94 x 10~ 8mm.

6) Change in length due to Longitudinal stress is also of neglibible magnitude being
1.35x 107 ’mm .

7) Buckling stress calculated using modified Euler buckling equation is 2.1 GPa.

The results obtained gave an overview of what the material can experience when subjected to such
conditions, the deformation theoretical deformation calculated is of negligible magnitude when
compared to that of the FEA model. The major difference being the magnitude of the buckling
stress, where the theoretical value calculated gives a value more than double the modeled result
through abaqus. Other equations can be applied neglecting some of the assumptions might improve
the results obtained to give a similar value calculated theoretically to that of the FEA
simulation.Moreover , the experimental results measured from the strain gauges and plotted in
MATLAB gave strains of a bigger magnitude than the theoretical calculation where it was in the

order of 10-5.

Hypothesis B was confirmed as we checked the lowest achievable pressure in the 2™ experiment in
CTU which is 5.167 mBar and the closest pressure sensed in the 1% experiment was 5.1641 mBar.
Nevertheless, even though the values differ by 0.0029 mBar the strains measured at that interval
were of a negative value indicating compressive nature with magnitudes close to each other as

shown in the table below.

Strain 2" experiment (after Irradiation) 1t experiment (with Irradiation)
) P =5.167 mBar = 516.70 Pa P =5.1641 mBar = 516.41
Circumferential —5.422 x 107° —4.67 x 1075
Axial —1.829x 1075 —1.557 x 107°

Table 17: Responses of strain gauge at similar pressure level after radiation and with radiation
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In conclusion, with regard to discussing points of interest in this thesis. The experiment needs to be
repeated to be able to ensure qualitative results are obtained. Considering hypothesis A, we weren’t
able to confirm as we can clearly see two different plots when comparing control pipe (No. 1) to
the sample pipe (No.2). The sample pipe (No.2) was subjected thoroughly to radiation more than
any other pipe in the assembly and it is the only pipe that had its strain gauge gets peeled off and
largest strain magnitude, so this keeps a speculation on the output responses obtained by it not
being as reliable as the sample pipe (No. 3) for example.

To promote more buckling, we would recommend retrying the experiment using a pipe with bigger
diameter and longer length. Doing so might help strain measurements to be caught easily by the
strain gauge as it might be possible to have some remarks noticed on the eye level. Additionally,
different type of solder can be used and even the same type just to check whether there are
significant changes in the outputs obtained from the normal solder and the changed one after
irradiation. Another potential replacement would be welding. Furthermore, to check in case of any
structural changes occurring in the pipe, samples can be cut into smaller pieces and checked via
Light and electron microscopy for further micro and macroscopic investigation.
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