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Abstract

Influence of fiber direction and temperature on the tribological behavior of carbon

reinforced peek for applications in gas turbine engines

Marie-Laurence Cliche

In order to reduce the emissions of greenhouse gas (GHG), many industries are turning towards
more environmentally friendly technologies. The aerospace industry is particularly targeted as gas
turbine engines will be required to reduce their CO2 emissions to net zero. New challenges will
arise regarding the conditions in which materials are expected to operate (e.g. high temperatures,
high velocities, high pressures) in order to achieve this goal. More conventional metals and alloys
currently used in engine manufacturing will most likely be limited by their mechanical and
tribological properties and thus, proper selection of materials is primordial to ensure the
performance and efficiency of engines. Fiber-Reinforced Polymer (FRP) composites have been
widely used in the aerospace industry and is one alternative solution due to their lightweight and
high-strength properties. However, when considering FRP for the purpose of gas turbine engines,
it is also important to consider the orientation of the fibers. Since there are a lot of moving and
contacting mechanical assemblies in the engines where a high quantity of elements such as
bearings and seals are present, the orientation of the fibers in FRP play a crucial role in ensuring
good tribological behaviour. Many different studies have previously performed extensive
characterization of carbon reinforced polymer composites and have demonstrated the impact of
the parallel and anti-parallel orientation of the fibers on the mechanical properties and tribological
behavior of composites. However, FRP composite with fibers oriented in the normal direction,
which have shown improved mechanical properties, have received little attention regarding the

impact of orienting vertically the fibers on the tribological properties.

The purpose of this study is to fully capture the influence of the fiber direction (parallel, anti-
parallel and normal direction) in fiber-reinforced composite, with an emphasis on carbon fiber/
PEEK composite, and the influence on its tribological behavior for the purpose of gas turbine
engines. The research performed throughout this study is divided into two parts where the
influence of fiber direction in FRP composites on the tribological behaviour have been critically

il



examined. The main focus of the first study is to identify the influence of fiber orientation on the
surface energy and tribological behavior of CF-PEEK systems for the Fan and LPC region of the
gas turbine engine (i.e. room temperature). The focus of the second study is to identify the
influence of temperature on the tribological behavior of carbon fiber-reinforced PEEK. The
tribological tests were performed using a ball-on-disk tribometer where the samples were subjected
to different testing parameters to simulate more accurately the operating environment the material
would have to go through in the engine. This includes a high loading, an elevated testing
temperature, and a high number of cycles. The characterization to obtain the interfacial phenomena
of the different worn surfaces and counterfaces was done using Scanning Electron Microscopy
(SEM), confocal laser scanning microscopy (CLSM), Energy Dispersive X-ray Spectroscopy
(EDS) and Atomic Force Microscope (AFM). Overall, it was found that there is a clear benefit of
using CF-PEEK reinforced with fibers in the normal direction since it showcases better tribological

properties, a higher reliability and higher potential of integrations within the gas turbine engines.
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Organization of the Thesis

Chapter 1 present an introduction as well as the overall scope and purpose of this thesis.
Chapter 2 present an overview of the fundamentals of tribology, and a literature review of
the tribology of fiber-reinforced composite materials.

Chapter 3 present the tribological study on the influence of fiber direction on the
tribological behavior of carbon reinforced PEEK for applications in gas turbine engines.
This study was performed at room temperature with high contact conditions and over time
to simulate the harsh conditions in which tribological interfaces are subjected to in gas
turbine engines.

Chapter 4 present the tribological study on the influence of temperature and fiber direction
on the tribological behavior of carbon reinforced PEEK for applications in gas turbine
engines. This study was performed at an elevated temperature of 200°C with again high
contact conditions and over time to showcase the potential implementation of carbon fiber
PEEK in components situated in the front region of gas turbine engines.

Chapter 5 present the final conclusions and proposal for future work regarding the use of

carbon fiber-reinforced PEEK within the aerospace industry.
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Chapter

1. Introduction & Scope

In this chapter ...

An introduction as well as the overall scope and the purpose of this thesis is

presented.



1.1. Introduction

Whitin the next 30 years, the aerospace industry has set a goal to reduce greenhouse gas (GHG)
emissions to net-zero, which will bring several new challenges to the design of gas turbine engines
[1] [2] [3]. Such reduction in GHG will only be possible by shifting towards low-carbon
technologies in gas turbine engines such as hydrogen fuel cells and low carbon intensity fuels,
which will require an increase in thermal efficiency and performance of the engines [2] [4] [5] [6].
However, the implementation of these technologies will create a more challenging environment
within the engines, where materials will need to operate under higher velocities, pressure, and
temperature and thus, making the selection of materials for specific regions of the engines harder
[7][8][9]. Currently, in the manufacturing of gas turbine engines, the most common materials that
are being employed, as seen in Figure 1.1, are aluminum, titanium, steel, and nickel [10] [11]. The
material selection process heavily depends on the operating and temperature conditions of the
region within the engines [10] [11]. Typically, in the front of the engine materials operates at lower
temperature and in the back of the engine, materials operate at higher temperatures (Figure 1.1)
[4]. Therefore, with the new arisen challenges, the option of more conventional metal and alloys,
currently used in gas turbine engines, will be limited by their mechanical and tribological
properties and consequently, a new generation of aerospace materials will need to be developed in

order to fulfill the need of the aerospace industry.

Turbine
HP 1 Stage- 1500°C

IP 1 Stage - 1200°C
6 stage intermediate LP 5 Stage - 900°C

pressure compressor
50 to 300°C

Combustion Chamber
2000°C

i QO Aluminium
ek
Fan-low pressure 8 stage intermediate . Titanium
compressor pressure compressor O Steel
-50to 40°C 50 to 300°C Nickel

Figure 1.1: Gas turbine engine materials and operating temperatures in different sections [4]



Due their high structural properties and their light weight, fiber-reinforced polymer (FRP)
composite could be a cost-effective alternative solution to conventional metals or alloys for certain
components in the engine [12] [13]. Although commercially available composites have many
advantages and are already widely used in the aerospace industry, there are limitations regarding
their usage in load-bearing situations [14] [15] [16] since they often fail prematurely due to
delamination and/or fiber breakage [16] [17]. This implies that there persists to be a deficiency in
the through-thickness properties of composite materials. Consequently, through-thickness
reinforcement of the composite is necessary in order to improve its mechanical properties as well

as its interlaminar damage tolerance [18] [19] [20].

Additional factors also need to be considered for the implementation of FRP in gas turbine engines
including the choice of polymer matrix and fiber orientation. Due to the higher operating
temperature requirements of the region of the front of the engine, typically ranging from -40 °C to
300 °C [10], the choice of the matrix material is a determining factor since the glass transition
temperature of polymers is lower than the fibers [21]. Furthermore, since there are a lot of moving
and contacting mechanical assemblies in the engines where a high quantity of elements such as
bearings and seals are present [22] [23], the orientation of fibers against the direction of motion in
FRP is crucial to ensure good tribological properties [24] [25]. Although studies have already been
performed on the tribological characterization of the parallel and anti-parallel fiber orientation in
FRP [25] [26] [27], little attention has been given to the characterization of the normal orientation

of FRP for the purpose of implementation in long-lasting gas turbine engines.



1.2. Scope

The main objective of this thesis is to provide a better understanding of the influence of the fiber
direction on the tribological behavior of fiber-reinforced composite, with an emphasis on carbon

fiber/ PEEK composite. The following sub-objectives are addresses throughout this work:

SO1 — Develop a methodology and procedure for evaluating the tribological behavior of carbon

fiber/PEEK composite for applications in gas turbine engines

SO2 — Identify the influence of fiber orientation on the surface energy and tribological behavior

of CF-PEEK systems for the Fan and LPC region of the gas turbine engine (i.e. room temperature).

SO3 — Identify the influence of temperature on the tribological behavior of carbon fiber PEEK.

1.3. Methodology

To provide a better understanding of the influence of fiber direction and temperature on the
tribological properties of carbon fiber/ PEEK composite, tribometer tests were performed using a
ball-on-disk linear tribometer (Anton-Paar TRB3 tribometer). The top front view of the tribometer
as well as the description of each component is shown in Figure 1.2. In the ball-on-disk linear
tribometer, the integrated two friction force sensors and a symmetrical elastic measuring arm
allows to record the data from the tribological testing into a modelization software for easy data
treatment and more importantly and for the purpose of this study, the obtention of the friction curve
[28]. To ensure validity of the data, the calibration of different sections of the tribometer is crucial
which includes the calibration of the motor and the calibration of the friction force using different

weights can be done through a set of predefined steps provided in the tribometer user software.



Fig. 5: TRE® - Top front view

11 Ballpin holder (inta arm axtremity apening)

1 Top frame
2 Temperature LED 12 Knurled thumbwheel (to lock ball or pin holder)
, 13 Spindle
: m,LED 14 Hale for anti-rofation pin
) . . 15 Shaft clamping system screw
5 w[(wngmumwm-mmmfwm 16 Removable connector plates (for dedicated item
v cables and sockets for opti
6 Adjustment knob (mm graduation scale for fine radius oplions)
adjustment - f moves the camiage) 17 Top cover support (with 2 cover piates Fig. 6 position
7 Locking handle (to lock carmiaga) & and positian 7)
8 Am 18 Top cover (Flexiglas)
8 Counter weights (2x an arm) 18 Hardie
10 Eccentric lalch (for arm working positions: Up, level- 20 Botfom frame
ing or dawn)

Figure 1.2: Top front view of Anton-Paar TRB3 tribometer [29]

In the Anton-Paar TRB3 ball-on-disk linear tribometer, the sample being tested is held in a
universal sample holder attached to a linear assembly which is the fixed based moving in a linear
motion provided by the rotation of the motor. The linear distance is predetermined based on the
study need and can be adjusted from the cam assembly. The different assemblies are shown in

Figure 1.3. Additionally, in the Anton-Paar TRB3 tribometer, the counterface presses stationary



on the surface of the samples and held by the ball/pin holder in the tribometer arm which allows

for the recording of the data from the linear displacement of the linear assembly [28].

Fig. 11: Linear reciprocating module assembly - Top front view

1 Cam [with screw and threaded-end shaft, located 3 Linear assemnbly {mowving part on fixed base)
under the linear assembly position 3 fo drive i) 4 Quarter-furn clamps [2x, to lock linear assambly)
2 Universal sample holdar [mounted on linear assem-
bly position 3 top frame; &.g. & copper disk sampla is
raLnated)

Figure 1.3: Linear Reciprocating Module with Universal Sample Holder of Anton-Paar TRB3 tribometer [29]

Furthermore, the environmental conditions of the tribological testing can also be monitored by
different sensors which includes temperature and humidity as shown in Figure 1.4 [28]. It is
possible to subject the sample being tested to different temperatures by changing the universal
sample holder by the high temperature sample holder which contains a heat source place directly
under the samples. The tribometer testing and recording of the data is done in the same way as for

tests at room temperature.



Figure 1.4: Temperature LED on left top panel of Anton-Paar TRB3 tribometer [29]

For the purpose of this study, the carbon fiber/ PEEK composite sample were subjected in a first
time with room temperature conditions and in a second time at high temperature conditions. The
tribological testing using the Anton-Paar TRB3 ball-on-disk linear tribometer was repeated three
times for each of the different fiber orientation (parallel, anti-parallel and normal to the fiber

direction) to obtain the variability in the data in between the tests.
1.4. Final remarks

It is to be noted that Chapter three and four of this thesis is in the submission process for publication
and thus some information might overlap since the same samples and characterization methods

were used.
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Chapter

2. Literature Review

In this chapter ...

An overview of the fundamentals of tribology, and a literature review of the tribology

of fiber-reinforced composite materials is presented.
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2.1. Tribology review

2.1.1.  Why the need of tribological evaluation?

Tribology is generally defined as “the branch of science and technology concerned with interacting
surfaces in relative motion and with associated matters” [1]. There exist only few mechanical
assemblies where surfaces are not sliding or rolling against each other, which consequently makes
tribology the key to understanding interfacial phenomena related to the friction, wear and
lubrification. Furthermore, within moving and contacting mechanical assemblies, energy is lost
due to the friction of components sliding against each other. Thus, understanding the friction and
wear behavior within assemblies can help to minimize the loss of energy and consequently increase

the overall efficiency of the system. [1] [2] [3]

With the constant need to provide higher performance and efficiency within machinery, tribology
is the key to reduce or control friction and wear which would overall extend the lifetime of
components and decrease maintenance and operational cost [3]. There exists a lot of different
factors, Figure 2.1, which that can influence the tribological behavior of mechanical assemblies

such as the choice of materials, the choice of lubricant, the choice of contact conditions, etc. [2]

[4].
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Figure 2.1: Factors influencing tribological properties of materials
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The designing of products with a long lifecycle requires experience, especially when it comes to
integrating the principles of friction and wear in the design process [2]. In order to simplify the
integration of tribology principles in the design cycle to increase the wear life of components
within assembly, there exists a comprehensive list of notions that need to be considered and is used

by many designers [2]:

e Maintain low contact pressure.

e Maintain low sliding speed.

e Maintain smooth bearing surfaces.

e Prevent high temperature.

e Use hard materials.

e Insure a low coefficient of friction ().

e Use a lubricant.

Moreover, as mentioned earlier, the loss of energy due to the friction of components sliding against
each other with the combination of material losses due to the wear of components within
mechanical assemblies, can increase the operational and maintenance cost [3]. The small energy
and material losses within one mechanical assembly might not be high in itself but when the same
lost is repeated in millions of mechanical assemblies, the cost becomes very large [3]. This
principle is illustrated in Equation 1. Indeed, the need of tribological studies is critical in order to

ensure efficient and reliable mechanical designs.

Total Tribological Cost/Saving = Sum of Individual Machine Cost/Saving *
Number of Machines (1) [3]

2.1.2. Friction

The friction force is defined as “the resistance encountered by one body in moving over another”
[5]. There are three governing laws of frictions which can provide useful insights of the frictional

behavior of a surface. The three different laws are explained as [1] [5]:
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1.

In the first law of friction, it is stated that “the friction force is proportional to the normal
load” [5]. Thus, the coefficient of friction (n), Equation 2, is a function of the tangential

frictional force (F) divided by the normal load (W) on the contact surface [1].

w= @11

The second law of friction states that “the friction force is independent of the apparent area
of contact” [5]. Thus, the second law of friction implies that the friction force (F), Equation
3, is a function of the friction the force due to the adhesion (Fa) between the surfaces, the
force due to ploughing (Fp) and the force due to the deformation (Fq) [1]. In addition, Figure
2.2 shows a pictorial representation of the different force components constituting the

friction force.

F=F +E+F, (3) [1]

Adhesion Ploughing Asparity deformation

Figure 2.2: Components of sliding friction [3]

3. The third law of friction states that “the friction force is independent of the sliding velocity”

[5].

Overall, there are many different parameters that can affect the friction force such as the type or
material, the type of contact, the environment, time etc. It thus important to consider all of them in
order to obtain an accurate representation of the force of friction to minimize the energy loss in

mechanical assemblies [1].
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2.1.3. Wear

Wear is defined as “the removal of material from solid surfaces as a result of one contacting surface
moving over another” [1]. From literature, there exists different mechanisms of wear that can
describe the interfacial phenomena occurring between sliding or rotating components within

mechanical assemblies. The four most commons mechanisms of wear are [1] [2] [3] [5]:

e Adhesive wear,

o In this mechanism, the wear is caused by the adhesion between asperities on a
surface coming into contact with the asperities of the courter surface and thus
forming asperities junction. [1] [2] [3] [5]

e Abrasive wear,

o In this mechanism, the wear is caused by the contact of surfaces where one of the
surfaces is significantly harder than the other one causing the harder surface
asperities to be pressed into the softer surface and thus resulting in the flow of softer
material around the harder one. [1] [2] [3] [5]

e Fatigue wear,

o In this mechanism, the wear is caused by fatigue crack growth between the
contacting surfaces resulting from high applied loading and unloading of a surface
which is increasing the stress level of the materials and thus resulting in large-scale
cracking liberating material from the surface which is producing wear debris. [1]
[2][31[5]

e Chemical wear.

o In this mechanism, the wear is caused by the influence of the environment and

detrimental chemical reactions in the contact between surfaces where followed by

rubbing, there is a removal of material and debris formation on the surface. [1] [2]

[31[5]

Figure 2.3 showcases the relationship between the operating conditions of contact surfaces within

mechanical assemblies and the procedure to determine the wear mechanism between the surfaces.
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In addition, in order to give a more practical value to describe the amount of wear of a surface, the
wear rate can be calculated. The wear rate (K) is a function of the wear volume (V), the applied

load (w) and sliding distance (s) which can be seen in Equation 4 [1] :

K= (4) 1]

2.2. Tribology of fiber-reinforced polymer

composites

2.2.1. Fiber-reinforced polymer composites

Composites materials can be classified according to their content, as shown in Figure 2.4, and are
comprised of a base and filler material [6]. In the case of fiber-reinforced polymer (FRP)

composites, the base material is the polymer matrix, and the filler material are the fibers. The role
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of the fibers, due to their high strength and stiffness, are to provide reinforcement and structure to
a composite so that it can support different loading conditions [7] [8]. On the other hand, the role
of the polymer matrix, due to its lower density, is to provide support (alignment of the fibers) and
protection to the fibers (act as a stress transfer medium) [7] [8]. Generally, the polymer matrix
accounts for 30-40 percent of the composite [8]. When the fibers and the polymer matrix are
bounded together to form a composite, its material properties will depend mainly on the fiber

content, fiber orientation and length and the type of polymer used.

i

I lr’lt:»er 1
I!\Il}‘.’cmforcwdj JI“"'I
1

Figure 2.4: Classification of composites [6]

FRP have been widely used for structure of aircraft and spacecraft in the aerospace industry for
weight reduction purposes, as shown in Figure 2.5, and have slowly been replacing more
conventional materials due to their many structural advantages [9] [10]. FRP are characterized by
their high strength and stiffness properties, high fatigue, high toughness and high temperature wear
and oxidation resistance [6] [8] [9]. In addition, FRP have good manufacturability that can be

customized towards targeted needs which makes it an excellent choice for engineering applications

[6] [9].
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Figure 2.5: FRP composite components used in aircraft structures [9]
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2.2.2. Tribological properties of fiber-reinforced

polymer composites

There exist many different factors that can influence the tribological properties of fiber-reinforced
polymer composites as shown in Figure 2.6 [11] [12]. Usually, polymers are reinforced with fibers
in order to enhance their tribological properties which improves their hardness and compressive
strength while decreasing their adhesion to the contacting surface [13]. Consequently, the wear
and friction mechanisms of FRP are governed by the choice of the polymer matrix material due to
its lower stiffness and strength [11] [13]. Tribological properties of fiber-reinforced polymer
matrix composites can also be affected by different operating parameters and material parameters
such as: fiber orientation, fiber volume fraction, fiber length, surface treatment and operating

parameters such as the sliding distance and the temperature [11] [14] [15].
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Figure 2.6: "Areas of influence on the tribological performance of composite materials" [11]

The tribological behavior of FRP and corresponding wear mechanisms will also depend on the
form of fibers added to the polymer: randomly oriented chopped fibers or unidirectional or woven
fibres [3] [16]. In the case of the reinforcement of the polymer using randomly oriented chopped
fibres, it has been shown that they are effective for reducing the wear in situations where there is
a strong adhesion between the fibers and the matrix [3] [17]. The principals wear mechanisms that
observed in polymers reinforced with randomly oriented chopped fibers are the abrasive wear or
erosive wear [18] [19]. On the other hand, in the case of reinforcement of polymers using

unidirectional or woven fibres, the wear mechanisms of the material will depend on the direction
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of sliding of the counterface against the fiber direction [3] [13]. Figure 2.7 illustrates the wear
process of the parallel and anti-parallel fiber orientation. Typically, a lower wear rate and better

tribological properties can be obtained with FRP and unidirectional or woven fibres [3].

Figure 2.7: Wear mechanism of parallel and anti-parallel FRP [3]

Finally, previous studies have performed extensive characterization and have revealed that FRP
composites are extremely particular concerning their good tribological performance and thus
should be chosen carefully [3] [13] [20]. FRP exhibits good wear resistance when the contact is
smooth between its surface and the counterface with predominant adhesive or fatigue wear
mechanisms [3]. Alternatively, when there exists predominance of abrasive or erosive wear
mechanisms between the FRP and contacting surface, it has been demonstrated that there is a

decrease in wear behavior compared to unreinforced polymers [3] [19].

2.2.3. Impact of fiber length & orientation on the
tribological properties of fiber-reinforced polymer

composites

The fiber length of the reinforcement fibers of polymers plays a big role in the tribological
behaviors of FRP since it is directly related to the creation of interfacial bonding of the matrix and
fiber [13] [20] [21]. From literature, it has been shown that continuously long carbon fibers provide
improvement in relation of abrasive wear resistance [22] but due to the abrasive particles breaking-

off the long fibers, and creating fiber pull-out, the opposite effect can be observed and is seen in
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Figure 2.8 [8] [13]. On the other hand, really short fibers can create excessive wear rate of FRP

since it does not provide sufficient load carrying capacities [13].
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Figure 2.8: "Effect of fiber length on the specific wear rate of epoxy composites” [13]

Additionally, the orientation of the fibers also plays a crucial role in the tribological properties of
FRP and especially in the case of short fiber reinforcement [13] [20]. It has been shown that the
rate of wear is directly related to the orientation of the fiber axis with the direction of the sliding
[8][13][23]. The wear rate is typically higher for composites tested in the parallel and anti-parallel
direction, due to the peeling off of the fibers, compared to the normal direction where the load

carrying capacity of the surface is higher as illustrated in Figure 2.9 [13].

Load Load
Specimen
Normal, N Parallel, P Antiparallel, AP
ﬁr
Sliding direction

Figure 2.9: Pictorial illustration of the fiber orientation in relation to the sliding direction [13]
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2.2.4. Impact of temperature on the tribological

properties of fiber-reinforced polymer composites

The temperature is a factor that can have a big impact on the tribological properties of FRP since
the polymer matrix has lower glass transition temperatures [24] [25] [26]. The mechanical
performance of FRP is thus dependent on the operating temperatures since passed the glass
transition temperature, the strength and tensile modulus of the polymers decreases and thus the
load-capacity of the material decreases which provides a less stable environment for the fibers
[24]. This phenomenon can be seen in Figure 2.10. The decrease in mechanical properties with the
increase of the contact temperature of the matrix directly affect the tribological properties of the
material as the friction and wear rate is increased. This is also due to the softening of the polymer
matrix which accelerates the peeling-off process of the fiber removal, which consequently increase

the friction due to de generated debris particle and thus increase the wear rate [25].
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Figure 2.10: Effect of the increase of temperature on the A) elastic modulus, B) Tensile strength C) fracture strain of PEEK [24]
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2.3. Statistical Analysis

For the purposes of this study, the influence of fiber direction and temperature on carbon-fiber
PEEK composite and their influence on its tribological properties was studied through tribometer
testing. It was mentioned in Chapter 1, section 1.3, that the tribological tests were performed three
different times for each of the fiber orientation in order to obtain the variability in the data. From
the data obtained from the modelization software of the Anton-Paar TRB3 ball-on-disk linear
tribometer, the friction curves can be obtained. The statistical error between the different tests can
be obtained by calculating the standard deviation from the three different testing and then
calculating the standard deviation error. The standard deviation in statistics, o, is know as the “The
positive square root of the variance. The standard deviation is the most widely used measure of
variability” [27] and is shown in equation 5 where the variance is denoted as 6. The variance, on
the other hand, is described as “A measure of variability defined as the expected value of the square

of the random variable around its mean.” [27].

o =Vo? (5) [27]
Additionally, the error in the standard deviation is defined as the “The standard deviation of the
estimator of a parameter. The standard error is also the standard deviation of the sampling

distribution of the estimator of a parameter.” [27]. The standard deviation error, g, is the ratio of

the standard deviation over the square root of the number of samples and is seen in equation 6 [27].

oy == (6)[27]

Statistical analysis was used at several times during this study to showcase the variability in the
data and give a better representation of the tribological behaviour of the carbon-fiber PEEK based
on the parallel, anti-parallel and normal fiber orientation. Statistical analysis was used for the
obtention of the friction behaviour where the standard deviation error was calculated every 500
cycles. Furthermore, the standard deviation was also calculated and shown in the various bar
graphs of this study so show the variability in the date. This includes for the wear rate, Atomic
Force Microscope (AFM) analysis of the estimated nanohardness and adhesion force, and the
Energy Dispersive X-ray Spectroscopy (EDS) analysis of the different samples elemental

distributions.
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Chapter

3. Influence of fiber direction on the
tribological behavior of carbon
reinforced PEEK for applications in

gas turbine engines

In this chapter ...

The identification of the influence of fiber orientation on the surface energy and
tribological behavior of CF-PEEK systems for the Fan and LPC region of the gas
turbine engine (i.e. room temperature) will be presented.
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3.1. Abstract

Proper material selection is crucial within the aerospace industry in order to improve the
performance and efficiency of current engines. However, the conditions in which materials are
expected to operate in are becoming more demanding (e.g. high temperatures, high pressures), and
thus, there is a strong desire for the development and implantation of high-performance materials.
Polymer Matrix Composite (PMC) materials are one alternative solution to more conventional
metal or alloys due to their light weight and high strength properties. However, in harsh
environments PMCs can be limited by their mechanical and tribological properties such as wear
and friction. With the recent development, it is practical to produce high-temperature stable PMC,
such as those produced using polyether ether ketone (PEEK), with orientation of reinforcing
carbon fibers (CF-PEEK) normal to the in-plane fiber direction that is typically found in
composites. This technology has shown to be promising for improving tribological applications in
gas turbine engines. The CF-PEEK film with fibers normal to the in-plane fiber direction is
developed by means of vertically orienting sub-millimeter carbon fibers using a novel process to
produce thin composite films with fiber reinforcement that is normal to traditional unidirectionally
aligned carbon fibers in a polymer matrix. However, the tribological behaviour of polymer matrix
composite with carbon fiber oriented in the normal fiber direction direction have yet to be
extensively characterized. The purpose of this study is to better understand of the influence of the
fiber orientation on tribological behavior of carbon reinforced polymers. Friction and wear testing
was performed on CF-PEEK film with fiber oriented in the normal direction and compared to
conventional standard modulus carbon fiber/PEEK unidirectional tape (UD) and unreinforced,
pure PEEK film under various contact conditions. The characterization of the worn surfaces was
performed through ex situ analysis to reveal the interfacial phenomena by means of Scanning
Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), confocal laser
scanning microscopy (CLSM) and Atomic Force Microscope (AFM). A correlation between the
orientation of carbon fibers and the wear and friction performance was established based on the

different study parameters.
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3.2. Introduction

With the rapidly growing advancements and constant need for improvement within the aerospace
industry, the conditions in which materials are expected to operate are becoming increasingly more
challenging. Increase in capability, affordability, safety, and environmental compatibility are all
challenges that can be associated to the development of new materials for the aerospace industry
[17[2]1[3][4][5] [6]- This is even more important when it comes to the proper material selection
for the purpose of long-lasting gas turbine engines. Materials that will be used in future gas turbine
engines are expected to withstand more extreme conditions such as increasingly high temperatures,
vibrations, etc. in order to increase the performance and efficiency of the engines [7] [8] [9] . The
materials currently used for the manufacturing of critical gas turbine engines components such as
metal and alloys, will most likely be limited by their mechanical and tribological properties such
as friction and wear when subjected to considerable increase in operating temperature [10] [11]
[12]. This could lead to a decrease in the lifetime of critical components in gas turbine engines and
lead to their failure under creep or fatigue [2] [11]. Thus, there is a clear need for the development

of new tribological materials for the purpose of long-lasting gas turbine engines.

Due their high strength and stiffness properties, their light weight and good environmental
resistance, Polymer Matrix Composites (PMC) are considered to be a cost-effective alternative
solution to conventional metals or alloys [13] [14]. PMC are composed of reinforcement fibers
that are bounded together by a matrix of polymer made from polymer material. The fibers have
high stiffness and strength to provide reinforcement and structure to the composite to support
different loading conditions. On the other hand, the polymer matrix is usually of lower density
than the fibers and provides load transfer mechanism and toughness to the fiber. When the fiber
and the polymer matrix are bounded together its material properties will depend mainly on the
fiber content, fiber orientation, fiber packaging (e.g., fabric, unidirectional tape, etc.), fiber length
and the type of polymer matrix used. It is also possible to add core materials, fillers, functional

groups on the fiber surface, and surface finishings to increase various material properties. [15]

While commercially available composites have many advantages and are already widely used in
the aerospace industry, there are limitations regarding their usage in load-bearing situations [16]

[17] [18]. When the load induces tensile stresses in the composite in the direction transverse to the
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fibers, it often ends up failing due to delamination and/or fiber breakage [18] [19]. While quasi-
isotropic composite laminates can be produced by alternating in-plane fiber orientations, there
remains a deficiency in the normal to the surface direction (i.e., through-thickness or Z-axis
direction). Thus, through-thickness reinforcement of the composite is necessary in order to
improve its mechanical properties as well as its interlaminar damage tolerance [20] [21] [22]. Z-
pinning, stitching technology, tufting technology are all pre-existing techniques that can be used
to provide though-thickness reinforcement to a composite material [20] [23] [24] [25]. However,
these techniques are slow and expensive in addition to the possibility of causing microstructural
damages such as fibre crimping and waviness. [20] Additionally, these methods cannot be utilized
to provide dense (i.e., >30% fiber content by volume) fiber reinforcement in the normal direction

for bulk, local, or surfacing applications.

With the recent advancement in though-thickness reinforcement of composite materials, the
Boston Materials ZRT™/PEEK film product has shown promising results to improve the
tribological behavior. The ZRT film product is manufactured using a 60-inch-wide roll-to-roll
process, Figure 3.1, in order to produce films of CF-PEEK with fiber oriented in the normal
direction with a thickness that is typically 0.15mm [26]. Additionally, the ZRT film product is a
cost-effective and environmentally benign method to impart though-thickness reinforcement in
composite materials without the manipulation of hazardous chemicals, nanoparticles, or large
mechanical processes. Consequently, by applying plies of ZRT film to conventional carbon fiber-
reinforced polymer, it can maintain its in-plane performance while allowing an increase in its out-
of-plane properties locally within the laminate [27]. This functionality shows promising results

regarding its usage in harsh environments, especially in aerospace applications. [26]

Figure 3.1: 60”-wide ZRT film production line installed at Boston Materials’ factory in Billerica MA, USA [26]
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Previous studies have performed extensive characterization of carbon reinforced polymer
composites and have demonstrated the impact of the parallel and anti-parallel orientation of the
fibers on the mechanical properties and tribological behavior of composites [28] [29] [30]
[31].While polymer matrix composite with carbon fiber oriented in the normal direction have
shown improved mechanical properties, the tribological behaviour of these systems have yet to be
extensively characterized. The purpose of this study is to fully capture the tribological behavior of
CF-PEEK with fiber oriented in the normal direction when compared to conventional
unidirectional CF-PEEK and neat PEEK under various contact conditions for the purpose of long-

lasting gas turbine engines.

3.3. Experimental procedure

3.3.1. Materials

During the course of this study, three different materials were used to produce samples for the
tribological testing: Boston Materials ZRT/PEEK film, CF-PEEK unidirectional tape (Toray
Cetex® TC1200) and pure PEEK. Boston Materials ZRT/PEEK film is developed by means of
vertically orienting sub-millimeter carbon fibers using the roll-to-roll process to produce thin films
of carbon fibers, aligned in the normal direction, in a PEEK polymer matrix. The reclaimed carbon
fibers are being dispersed into water and subjected to a magnetic film in order to vertically align
them. Once the fiber has been vertically aligned, the water is evaporated which leaves the ZRT
film dry on top of the carrier film and ready to be processed based on the desired application. The
ZRT film is then melt infiltrated with PEEK yielding a ZRT/PEEK film. A cross-section of this

material is included in Figure 2.

100.000pm

Figure 3.2: Cross-section of a ZRT composite film
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For the samples with CF-PEEK normal to the in-plane fiber orientation, the composite laminate is
composed of layers of CF-PEEK unidirectional tape, quasi-isotropically layered, and layers of
ZRT/PEEK film material, symmetrically layered on the outside and consolidated together (using

a compression molding process) to obtain the desired thickness. [32]

For the CF-UD-PEEK samples, unidirectional tape (Toray Cetex TC1200) used in this study is a
commercially available thermoplastic composite [33]. Toray Cetex TC1200 is composed of a
semi-crystalline polyether ether ketone (PEEK) matrix that bounds and aligns the continuously
long carbon fibers together in order to produce the unidirectional tape which can then be processed
based on the desired application. In this case, the CF-PEEK unidirectional tape is quasi-

isotropically layered and consolidated (using a compression molding process) to obtain the desired

thickness.

For the Pure PEEK samples, neat (unfilled) PEEK panels were sourced from Boedeker Plastics, a

well-known online retailer of plastic films and shapes.

In order to obtain the tribological comparison of the different materials, four different square
samples were produced. All the different samples were of 25x25mm of dimensions with a

thickness of 2mm and a polished surface of obtained from automated polishing process:

e Sample 1: Boston Materials ZRT/PEEK film, CF-PEEK normal to the fiber direction

e Sample 2: CF-PEEK unidirectional tape (Toray Cetex TC1200) tested parallel to the fiber
direction

e Sample 3: CF-PEEK unidirectional tape (Toray Cetex TC1200) tested anti-parallel to the
fiber directions

e Sample 4: Pure PEEK

Figure 3.3: Samples Fiber Orientation
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3.3.2. Characterization and Tribological Evaluation

The tribological testing were performed using a ball-on-disk linear tribometer (Anton-Paar
TRB3 tribometer). In the ball-on-disk linear tribometer, Figure 3.4, a counterface, in this case
AlOs, presses stationary on the surface of the samples which is displacing linearly by a rotating
disk [34]. The tribometer is capable of varying the testing parameters such as the speed, the load,
the distance and the counterface based on the study need, which will have significant effect on the
result. The data from the testing is recorded on a modelization software which allow for easy data
treatment and more importantly in this study, the obtention of the friction curve for each specific

sample. [34]

Counterface

Figure 3.4: Schematic Representation of ball-on-disk linear tribometer

In the case of this study, testing parameters were preliminary determined based on prior
tribological testing of the samples over a wide range of applied loading and distances in order to
obtain a valid comparison of the frictional behaviour. To fully capture the performance of these
systems in more extreme conditions, a higher contact stress and distance were chosen, as shown
in Table 1. The testing was performed at room temperature (25-28°C). A total of three different
tests were performed for each sample and the friction was reported as the average value of the

three tests. The testing parameters that were predetermined are seen in Table 3-1.
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Table 3-1: Tribometer Testing Parameters

PARAMETER DESCRIPTION

Counterface Material AlO3 (diameter of 6.35 mm)

Normal Load 18N
Velocity 3.1 cm/s
Frequency 1 Hz
Track Length 10mm
Distance 600M

Subsequently to the sliding tests, the wear depths were measured for each sample. The
measurement was performed using a LEXT Confocal Laser Microscopy. The same instrument was
used for optical images of the worn surfaces in order to provide a better understanding on the
dominant wear mechanisms. were obtained for each different tribometer for the samples and their

respective counterface in order to obtain the wear behaviour.

In addition characterization of the unworn surface and inside of the wear track of the samples as
well as their counterface was also performed by means of Ex situ analysis to determine the
principal wear mechanisms. In order to have a better understanding of the effect of the tribometer
testing on the surface topography of the samples, Scanning Electron Microscopy (SEM) (Hitachi
High Technologies America, Inc., USA) analysis was performed. This allows to get high precision
images of the surface of the samples as well as the inside of the wear track of each sample and
observe the change in the topography. Energy Dispersive X-ray Spectroscopy (EDS) (Pentafet
Link, INCA X-sight, Oxford instruments, UK) analysis was also performed on the counterfaces to
obtain their elemental distribution. Finally, Atomic Force Microscope (AFM) (Anton—Paar Tosca
400, Switzerland) analysis was performed for a total of 10 measurements on the surface and inside
the wear track of each sample. AFM analysis was performed under contact mode and generated
Force-Distance Curves (FDC) that were used to obtain the pull-off force (adhesion force) and the
estimation of the hardness which can be obtained by measuring the deformation depth from the
generated FDC and gives a better understanding of how the surface hardness of the samples has

been affected after the tribological testing.
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3.4. Results

3.4.1. Friction Behaviour

The coefficient of friction against the number of cycles is shown in Figure 3.5. Overall, it can be
observed that the friction was evidently higher during the tribometer testing with the pure PEEK
material compared to the other systems. The friction started significantly higher, at approximately
0.3, for the Pure PEEK sample and increases until it reaches 0.4. On the other hand, for all the CF-
PEEK samples, the friction was equivalent within the first few cycles of the tests at 0.2. However,
when performing the test for the CF-PEEK parallel to the fiber’s directions, the coefficient of
friction starts to increase at after 7000 cycles until it reaches 0.3 which showcases a lower friction
than the Pure PEEK samples but higher friction than the other CF-PEEK samples. When the tests
were performed on the CF-PEEK anti-parallel to the fiber’s direction, the friction coefficient
quickly stabilize and remains at about 0.23 during steady state. This behavior is also observed with

the CF-PEEK normal to the fiber direction where the friction remains steady at around 0.25.
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Figure 3.5: Friction Behaviour of the samples
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3.4.2. Wear Behaviour

The wear measurements of each sample are shown in Figure 3.6. The wear depth is significantly
higher for the Pure PEEK and the CF-PEEK parallel to the fiber direction samples, which can
translate in a higher generation of debris particles. The highest recorded wear depth can be
observed with the Pure PEEK sample reaching a maximum of 38um following by the CF-PEEK
parallel to the fiber direction which reaches a depth of 28um. On the other hand, the wear depth in
Figure 3.6 is significantly lower in the case of the CF-PEEK normal to the fiber direction where a
wear depth of 7um was recorded. Finally, in the case of the CF-PEEK anti-parallel to the fiber
direction, it is interesting to observed that no significant wear depth based on the measurements
with the Confocal Laser Microscopy. This indicates that the lowest amount of wear is obtained

from the CF-PEEK anti-parallel to the fiber direction sample.
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Figure 3.6: Wear Measurement for a 18N Load on A) CF-PEEK Normal to the Fiber Direction Sample B) Pure Peek Sample C)
CF-PEEK Parallel to the Fiber Direction Sample D) CF-PEEK Anti-parallel to the Fiber Direction Sample
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In addition, the wear rate was also calculated for each of the samples based on the wear
measurements found in Figure 3.6, which gives a more practical value to describe the amount of
wear for each sample. The wear rate (K) is the ratio of the wear volume (V) divided by the applied

load (w) and sliding distance (s) which can be seen in Equation 1 [35]:

K=Y (1) [35]

W*S

The wear rate for each of the sample is shown in Figure 3.7. From Figure 3.7, it is possible to
observe that the Pure PEEK and CF-PEEK parallel to the fiber direction have first and second
highest wear rate respectively which corelates with the results in Figure 3.6 since they showcase
higher wear depth. Alternatively, the CF-PEEK anti-parallel to the fiber direction and CF-PEEK
normal to the fiber direction samples has the lowest wear rate respectively in that order which also
correlates with the lower wear depth measured from their wear track in Figure 3.6. Overall, the
Pure PEEK exhibits the highest wear rate and the CF-PEEK anti-parallel to the fiber direction has

the lowest wear rate.
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Figure 3.7: Wear Rate of the Samples
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3.4.3. Ex Situ Analysis

3.4.3.1. Wear Track Analysis

Subsequently to the frictional and wear testing, the wear track of the samples was subjected to
SEM analysis in order to have a better understanding of the wear mechanisms. SEM images were
taken both outside and inside the wear track in order to showcase how the tribometer testing has
affected the surface topography of the samples. Figure 3.8 represents the SEM images of each the
samples taken outside the wear track where it is possible to get a better comparison of the surface
topography of each different samples and especially when it comes to the orientation of the fibers.
In Figure 3.8 A) it is possible to observe the cross-section of the fibers which shows clearly how
the fibers that have been oriented in the normal direction during the manufacturing whereas in
Figure 3.8 C) and D) the fibers are oriented in the parallel and anti-parallel direction respectively.
Figure 3.8 B) on the other hand shows a smooth and uniform surface which corresponds to the

pure PEEK sample.

Direction of Motion
e

Direation of Motion

' K

- - amaen \ 4 50 pm
Figure 3.8: SEM Analysis of Sample Surface A) CF-PEEK Normal to the Fiber Direction Sample B) Pure Peek Sample C) CF-
PEEK Parallel to the Fiber Direction Sample D) CF-PEEK Anti-parallel to the Fiber Direction Sample

Figure 3.9 represents the SEM images of the samples taken inside the wear track where it is

possible to observed how the sliding test has affected the topography of the surface of the samples.
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In the case of the pure PEEK sample, shown in Figure 3.9 B), the sample has remained smooth but
with the formation or large debris particles corresponding well with the sample highest recording
wear in Figure 3.6. Furthermore, for the CF-PEEK samples, it is interesting to observe the
influence the fiber direction on the topography of the inside of the weak track. From Figure 3.9
C) representing the CF-PEEK parallel to the fiber direction sample, a smooth surface without the
presence of the fibers is observe. This indicates that during the tribometer testing, the fibers are
being broken off in larger debris size and being pushed out of the wear track leaving a polymer-
based interface resulting with a lower hardness and thus correlating to the higher wear observed in
Figure 3.6. On the other hand, in the case of the CF-PEEK normal to the fiber direction and CF-
PEEK anti-parallel to the fiber direction samples shown respectively in Figure 3.9 A) and D), it
can be observed that the fibers have been crushed across the surface. This indicates that throughout
the tribology testing, the fibers have been broken into smaller debris size that are staying in the
wear track and being embedded into the polymer matrix to form a fiber-based interface resulting

with higher hardness and thus correlating to the lower wear for both samples in Figure 3.6.
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Figure 3.9: SEM Analysis of Sample Wear Track A) CF-PEEK Normal to the Fiber Direction Sample B) Pure Peek Sample C)
CF-PEEK Parallel to the Fiber Direction Sample D) CF-PEEK Anti-parallel to the Fiber Direction Sample

Furthermore, ex situ analysis using AFM testing was also performed on the surface (unworn) and
inside the wear track of each sample (worn), using a Force-Spectroscopy method, in order to have

a better understanding on how the sliding test affect the adhesion force and the nano hardness of
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the samples. The results of the average adhesion forces for the worn and unworn surfaces were
obtained for each of the samples and are shown in Figure 3.10. It is interesting to initially observe
the significant difference in pull-off force between the Pure PEEK sample and the CF-PEEK
samples. When the adhesion force is high, in this case for the Pure PEEK sample, this indicates
that it adheres better when in contact with another surface. This suggest that when performing the
sliding test, the surface of the Pure PEEK sample adheres more to the alumina counterface and
thus, pulling out larger debris particles which generates more friction and higher amount of wear.
On the other hand, the CF-PEEK and CF-PEEK normal to the fiber direction sample have a lower
in magnitude adhesion force and thus suggest that there is an easier sliding of the counterface on
the surface of the samples, during sliding test, which would lead to lower friction and wear being

generated than the Pure PEEK sample.

Additionally, it is also interesting to see how the adhesion force of the surfaces of the samples has
been affected by the tribometer testing. More specifically, as shown in Figure 3.10, for the pure
PEEK sample, the adhesion force has significantly decreased whereas for the CF-PEEK samples
the opposite is happening, and the adhesion force is increased. It is also important to note that the
adhesion force is directly related to the surface energy of the samples. When the adhesion force is
increased, the surface energy is also increased since it is a function of the molecular attraction of
the sample. In this case for the CF-PEEK sample, following the tribometer testing, it can be seen
that there is an increased in the adhesion force inside the wear track which signifies that the surface
energy of these samples has also increased. The highest increased can be observed for the CF-
PEEK anti-parallel to the fiber direction which correlates with the wear results that were obtained

in Figure 3.6.
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Figure 3.10: Adhesion Force of the A) Unworn Samples B) Worn Samples Using AFM Spectroscopy
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The results of the estimated nano hardness, which is a function of the deformation depth, of the
unworn and worn surfaces were obtained for each of the samples and are shown in Figure 3.11. In
the case of the Pure PEEK and CF-PEEK parallel to the fiber direction, the increase in deformation
depth of the worn samples indicates that the hardness of the surface has decreases following the
sliding tests. Thus, it correlates with the results obtained in Figure 3.6 where it has the highest
recorded wear depth and the observations done with the SEM analysis where the significantly
increase in deformation depth indicates that the inside of the wear track is of lower hardness and
thus produces more debris particles. On the other hand, for the CF-PEEK normal to the fiber
direction and CF-PEEK anti-parallel to the fiber direction samples, the decrease in the recorded
deformation depth indicates that the surface of the worn sample has increase in hardness. These
observations also correlate with the observation made in Figure 3.6, where it has the lowest
recorded wear depth, and the observations done with the SEM analysis where a fiber-based
interface with higher hardness has been generated inside the wear track. Overall, the CF-PEEK
anti-parallel to the fiber direction has the overall highest recorded decrease in deformation depth

which would signify that the inside of the wear track is of highest hardness.
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Figure 3.11: Estimation of the Nano Hardness of the Unworn (left) and Worn (right) samples Using AFM Spectroscopy

Optical images of the surface of the samples were also taken during the confocal analysis. An
interesting observation that can be made from these pictures were form the CF-PEEK parallel to
the fiber direction sample. During the three different tribological testing, all the samples were
tested under the same applied load and for the same duration, however, in one of the testing’s it
was noticed from the optical images that it has failed. Figure 3.12 shows the surface of the CF-
PEEK parallel to the fiber direction sample and its wear track where a significant crack can be

observed and thus meaning there was a failure of the sample. In addition to the failure of the
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sample, when using a higher magnification with the confocal, it is possible to observe the
delamination of the fibers that was caused by the sliding of the counterface on the surface of the

sample and thus being another cause of failure of the sample.

Figure 3.12: CF-PEEK Parallel to the Fiber Direction A) Failure due to a Crack on the Surface
B) Failure Due to Delamination

3.4.3.2. Counterface Analysis

Subsequently to the tribometer testing, it was possible to obtain images of the alumina counterfaces
though Confocal Laser Microscopy in order to have a better understanding of the wear mechanism.
Figure 3.13 shows the optical images of the portion of the counterfaces that was in contact with

the surface of the samples during the testing.
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Figure 3.13: Confocal Images of Counterface for A) CF-PEEK Normal to the Fiber Direction Sample B) Pure Peek Sample
C) CF-PEEK Parallel to the Fiber Direction Sample D) CF-PEEK Anti-parallel to the Fiber Direction Sample
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In these optical images, it is important to observed that in some cases there is a lack or presence
of transfer film on the surface of the counterfaces. A transfer film on the alumina counterfaces
gives a good idea of the adhesion of the sample and can help predict its wear and friction
performance. The generation of transfer film between the sample and the counterface in Figure
3.14, can be caused by the generations of smaller debris particles and thus improves the wear

performance of the sample.

Counterface

Transfer Film
Figure 3.14: Transfer Film Formation

Figure 3.13 B) and C) represents the alumina counterfaces that were used during the testing of the
pure PEEK and CF-PEEK parallel to the fiber direction samples respectively. These optical images
reveled the absence of a transfer film on these samples which correlates to the higher amount of
wear obtained in Figure 3.6. The lack of transfer can be explained by the higher amount of debris
particle generation. Alternatively, Figure 3.13 A) and D) represents the alumina counterfaces used
for the testing of the CF-PEEK normal to the fiber direction and the CF-PEEK anti-parallel to the
fiber direction samples respectively. On these optical images, it is possible to observe that a thin
and uniform transfer film has been generated on the counterfaces during the tribological testing.
The presence of the transfer film in these images correlates with the low friction and wear that

were observed on these samples.

Additionally, SEM images were also taken for the counterfaces used in each tribometer testing and
are shown in Figure 3.15. From these images, EDS analysis was also performed on the
counterfaces in order to obtain the elemental distribution present on their surfaces. The EDS
analysis results in Figure 3.16, has reveled the presence of carbon and oxygen (coming from the
samples itself) and of alumina (coming from the counterface) for all the samples however, in
different amounts. In the case of the pure PEEK and the CF-PEEK parallel to the fiber direction
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samples, where the higher amount of wear was observed, the counterfaces surface reveled the
presence in higher quantity of carbon and a lower quantity of alumina and oxygen which correlates
with the higher amount of debris generation. This also indicates that for these samples, the debris
particles being generated are thicker and actual junk of materials coming out from the wear track.
On the other hand, for the case of the CF-PEEK normal to the fiber direction and CF-PEEK anti-
parallel to the fiber direction samples, it was reveled though the EDS that there was a lower
quantify of carbon, when compared to the other two samples, present on the surface of the
counterfaces and a higher amount of alumina and oxygen present. This also correlates with the
observations made from the confocal images of the counterfaces of the two samples where there
is formation of a transfer film on their surfaces. In this case, the transfer film is thin and formed
from the low amount of transfer of material from the surface of the samples onto the surface of the
counterfaces and is building up as a function of the applied load and time which explains the higher

amount of alumina also detected since there is less debris particles being generated.

Figure 3.15:SEM Analysis of Samples Counterfaces A) CF-PEEK normal to the fiber direction Sample B) Pure Peek Sample
C) CF-PEEK Parallel to the Fiber Direction Sample D) CF-PEEK Anti-parallel to Fiber Direction Sample
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Figure 3.16: EDS Analysis on the Counterfaces

3.5. Discussion

The tribology testing that was performed for the purpose of this study has allowed to fully capture
the tribological behavior of CF-PEEK with fiber oriented in the normal direction when compared
to conventional unidirectional CF-PEEK and Pure Polyether ether ketone (PEEK) under various
contact conditions and over time for the purpose of long-lasting gas turbine engines. The friction
and wear behaviour, in Figure 3.5 and Figure 3.6 respectively, has reveled that the pure PEEK and
CF-PEEK parallel to the fiber direction samples have higher coefficient of friction and have the
surfaces that were the most worn off from the sliding of the counterface on their surface.
Alternatively, the CF-PEEK normal to the fiber direction and CF-PEEK anti-parallel to the fiber
direction have shown significantly lower coefficient of friction and wear on their surface and thus

behaving more efficiently under an applied load and over time.

It has been determined from the different ex situ analysis that the samples follow the mechanism
of adhesive wear when subjected to a sliding testing. The adhesive wear mechanism can be
described as the adhesion on the surface of the samples to the surface of the counterface as it slides
against it and thus pulls material away from it [35]. More importantly, the four different samples
can be subcategorized into two different mechanisms: Ploughing and shearing. The pure PEEK
and CF-PEEK parallel to the fiber direction samples follows the ploughing mechanism as
illustrated in Figure 3.17. This mechanism is characterized by an increase in friction due to a
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decrease in load-carrying capacity of the surface. In the case of these two samples, it has been
reveled from the Ex-situ analysis that they are generating a greater number of debris particles when
the counterface slides on its surfaces which is limiting the formation of a transfer film. The
excessive generation of debris particle is thus directly affecting the load-carrying capabilities of
the samples and thus when subjected to the constant applied load, it will generate a significantly

higher wear rate and increase depth of the wear track.
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Figure 3.17: Ploughing mechanism

On the other hand, the CF-PEEK normal to the fiber direction and CF-PEEK anti-parallel to the
fiber direction samples follows the shearing mechanism as illustrated in Figure 3.18. This
mechanism can be characterized by a low number of debris particles being generated from the
sliding of the counterface on the surface of the sample. In this case, the friction that is generated
is significantly lower than when ploughing happens due the fact that the friction is directly
proportional to the shear strength of the contact surface and related to its deformation properties
[35]. In the case of the CF-PEEK normal to the fiber direction sample, since the fibers have been
oriented upward in the normal direction, it has for effect to enhance the through thickness property
of the material. Thus, since the fibers are normally oriented, as seen in Figure 3.8 A), the
counterface is directly sliding across their cross-section which enhance the deformation properties
of the CF-PEEK normal to the fiber direction material and thus procure that significantly lower
friction and wear. On the other hand, for the CF-PEEK anti-parallel to the fiber direction, it is
interesting to mention that the effect of the fiber direction is a decisive factor when it comes to its
tribological properties. When the counterface slides in a motion anti-parallel to the fiber direction
under the applied load, the fibers are at their full potential, being more stable, and thus have better
deformation properties which again significantly lower the friction and wear compared to when

sliding parallel to the fiber direction.
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Figure 3.18: Shearing Mechanism

Theoretically, the coefficient of friction (i) equation, Equation 2, that applies for fiber-reinforced

polymer is a function of the ratio if the volume fraction of fiber (Vf) in the composite divided by

the coefficient of friction component of the fiber (l) and the ratio of the volume fraction of the

matrix (Vm) in the composite divided by the coefficient of friction of the matrix ([m) [36]:

1 Vi W
=Ly m
Ko Hf Hm

(2) [36]

Thus, Equation 2 can be directly related to the observations made from the SEM images of the
inside of the wear track in Figure 3.9. In the case of the CF-PEEK normal to the fiber direction
and the CF-PEEK anti-parallel to the fiber direction samples, the volume fraction of the fibers is
increased and component of friction due to the fiber is reduced, due to the fibers being embedded
in the matrix during the sliding test (shearing of the system), which has for effect of lowering the
overall coefficient of friction of the system. The inverse is also true for the pure PEEK and CF-
PEEK sample where the volume fraction of matrix is increased due to the generations of large
debris particle (ploughing of the system) which in its turn increase the component of friction due

to the matrix and thus increase the overall coefficient of friction.

Furthermore, the coefficient of friction () of each component of the Equation 2 is also a function
of the tangential frictional force (F) divided by the normal load (W) on the contact surface as seen
in Equation 3 [35]. Subsequently the force (F) that is acting on the surface can be divided into two
different components as seen in Equation 4: the force due to the adhesion (F.) between the surfaces

and the force due to the deformation (Fq) [35].
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F
w=- (3) [35]

F=F,+F, (4) [35]
Where F, = Friction due to adhesive
F4 = Friction due to deformation

This correlates with the friction behaviour that was observed in Figure 3.5 and explained above.
Since the coefficient of friction is a function of the friction due to the deformation, it will make
sense that for the pure PEEK and CF-PEEK parallel to the fiber direction samples it is significantly
higher due to the ploughing which is directly causing a higher deformation of the surface. The
inverse is also true for the CF-PEEK normal to the fiber direction and CF-PEEK anti-parallel to
the fiber direction sample where its shearing mechanism is causes zero to little deformation of the
sample surface and thus significantly decreasing/eliminating the friction due to deformation

component in the equation and only leaving the friction due to the adhesive.

In addition, for the CF-PEEK normal to the fiber direction and CF-PEEK anti-parallel samples
that are performing significantly better in terms or wear and friction, it can be observed when
taking a closer look at the SEM images in Figure 3.8 that the fiber direction plays a substantial
role. In the case of the CF-PEEK normal to the fiber direction sample in Figure 3.8 A), since the
fibers are aligned in the normal direction, some areas on the surface will be denser in fibers than
others where there is more PEEK material. When the counterface is sliding across the surface with
higher volume ratio of fibers, its coefficient of friction decreases even more, as seen in Figure 3.5
with the error bars on the curve of the CF-PEEK normal to the fiber direction samples. The
opposite is also true when the counterface is sliding in an area where the fiber volume ratio is
smaller, and more resin material is exposed which brings the coefficient of friction up. On the
other hand, in the case of the CF-PEEK anti-parallel to the fiber direction, when the counterface
slides across the surface, it has for effect of pushing the fibers against one another and thus

covering some of the resin material which has for effect of decreasing the friction generated.

When looking at the overall results for the wear and friction behaviour of the samples, it can be
seen that the pure PEEK sample has the highest friction and wear followed by the CF-PEEK

parallel to the fiber direction since they follow a ploughing mechanism. Alternatively, the CF-
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PEEK normal to the fiber direction sample has a significantly better friction and wear behaviour
due to the fibers being aligned in the z-direction. Finally, the CF-PEEK anti-parallel to the fiber
direction is the sample that performed the best under tribological testing and providing the best

wear and friction results.

However, it is important to note that for the purpose of this study, the same samples were taken
for the CF-PEEK UD tape and was tested parallel to and anti-parallel to the fiber direction. In the
case where the tribological testing pas performed parallel to the fiber direction, the sample
performed poorly compared to anti-parallel to the fibers which makes it fiber orientation
dependent. Thus, this means that when manufacturing a component made of unidirectional carbon
fiber (layered in the parallel & anti-parallel direction) an additional complexity is added since if
not done in the right fiber direction, it could have the opposite effect and lower its tribological

capabilities.

Finally, structures within gas turbine engines are often in contact and moving with a large number
of complex mechanical assemblies where the tribological performance of the materials are crucial.
Thus, in the case where the unidirectional carbon fiber would be chosen, an additional degree of
difficulty regarding the assembly of the components within the engines would be added to ensure
that the tribological properties are exerted to their maximum capabilities. On the other hand, the
beauty of the CF-PEEK normal to the fiber direction is that it is not fiber dependent. Since the
fibers are oriented in the z-direction, the direction of the sliding on the surface does not matter and
allows to have as good tribological properties than the unidirectional carbon fiber when the sliding
anti-parallel to the fiber direction. This would thus allow for structures to be integrated more easily
within the engines and guaranteeing good tribological properties which thus makes it a better

material option.
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3.6. Conclusion

Through this study, it was possible to observe the impact of the direction of the fibers with regards
to tribological properties in CF-PEEK. Three different orientations were tested for the CF-PEEK
composite samples which are parallel, anti-parallel and normal direction and were also compared
to pure PEEK material as a baseline. In order to obtain an accurate representation of the results,
each different sample were tested under high applied loading and over time in order to simulate
operating conditions for the purpose of long-lasting gas turbine engines. It was found though
tribometer testing and Ex situ analysis (SEM, EDS, AFM, Confocal Laser Microscopy) that the
pure PEEK and CF-PEEK parallel to the fiber direction samples, respectively in that order,
generates the highest friction and wear. On the other hand, the CF-PEEK anti-parallel to the fiber
direction and CF-PEEK normal to the fiber direction samples, respectively in that order, generates
the lowest recorded friction and wear. Although the CF-PEEK anti-parallel to the fiber direction
performed tribologically overall better, the analysis has reveled that it was not the case when
parallel to the fiber direction which makes the CF-PEEK unidirectional tape orientation dependent.
Thus, the CF-PEEK where the fibers are in the normal direction is a more advantageous options
where it is orientation independent and can easily be integrated in designs as well as having
competitive tribological performance to CF-PEEK when anti-parallel to the fiber direction.
Methods to implement normal fiber orientation is commercially practical by using Boston

Materials ZRT film product.
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Chapter
4. Influence of temperature and fiber

direction on the tribological behavior

of carbon reinforced PEEK for

applications in gas turbine engines

In this chapter ...

The identification of the influence of temperature on the tribological behavior of
carbon fiber PEEK will be presented.
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4.1. Abstract

Next generations of gas turbine engines are required to significantly reduce their overall CO;
emissions as well as reduce the noise pollution. In fact, by 2050, the aerospace industry as set a
goal to reduce greenhouse gas (GHG) emissions to net zero which will consequently affect the
conditions in which materials are expected to operate. Challenges will arise with the selection of
materials in engines since they will be subjected to higher temperatures, pressures, and velocities
which will limits the use of conventional metal or alloys due to their mechanical and tribological
properties. Fiber-reinforced polymer (FRP) composites have been widely used in the aerospace
industry but its usage in gas turbine engines have been limited due to the polymer matrix lower
glass transition temperatures. However, many studies have showcased the tribological potential of
FRP in the low temperature fan section of the engines, but little attention has been given to the
potential of orienting the fibers in the normal direction of FRP. Thus, this study will focus of the
effect of the fiber orientation on the tribological properties of carbon fiber/ PEEK (CF-PEEK) at
high temperature. Three different CF-PEEK samples were chosen for the purpose of this study
where the parallel, anti-parallel and normal direction were characterized as well as a fourth sample
of pure PEEK in order to have a baseline material. Tribological testing was perform using a ball-
on-disk tribometer where the samples were subjected to an elevated temperature of 200°C in order
to obtain their wear and friction behavior. The characterization of the different worn surfaces and
counterfaces to obtain the interfacial phenomena was done though Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray Spectroscopy (EDS) and confocal laser scanning microscopy
(CLSM). Overall, it was found that the CF-PEEK with fibers oriented in the normal direction
performed better at elevated temperature in terms of tribological behavior which makes it the most

suitable orientation for implementation of CF-PEEK components in gas turbine engines.
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4.2. Introduction

Within the structure of gas turbine engines, there exists a large number of complex and contacting
moving mechanical assemblies [1] [2] [3]. These mechanical assemblies, as seen in Figure 4.1, are
expected to operate in extremely harsh environment where the velocities are high, the operating
temperatures are elevated, and the pressure is high [1] [4] [5] [6]. Thus, the proper selection of
material for these engine components is crucial in order to ensure good efficiency and
performance. Materials such as aluminum, titanium, steel, and nickel are currently used in specific
regions of the engines [7] [8] [9] [10]. However, due to the current need to reduce the overall
greenhouse gas (GHG) emissions within the aerospace industry [11] [12] [13], engines will need
to increase their thermal efficiencies in order to achieve this challenge [14] [15]. The lifetime of
many structures within the engines will be limited by the mechanical and tribological properties
of the materials currently employed where degradation of these properties could lead to severe
failures [16] [17] [18]. Thus, there exists a need in the aerospace industry to come up with a new

generation of aerospace materials which would be able to fulfill the future operating requirements.

Gas turbine engine
cross-section

Clearance control
@ Rub interfaces: abradables, abrasives, knife-edge etc.
= Erosive jet impingement
Tribological interfaces
@ Wear control: blade root interfaces, bearings, gears, dynamic and static seals
© Friction tailoring: elevated-temperature fasteners/snaps

Figure 4.1: Contacting Mechanical-Assemblies in Cross-Section of Gas Turbine Engine [1]
Fiber-reinforced polymers (FRP) composites are already widely used in the aerospace industry
and are considered to be an attractive alternative solution to conventional metals or unreinforced
polymers [19] [20] [21] [22]. FRP have many different advantages since their properties can be
customized based on specific applications and are generally lighter as well as having higher
stiffness and strength properties [19] [23]. FRP are composed of a polymer matrix (ex:

polytetrafluoroethylene, polyetheretherketone, etc.) and a reinforcement (ex: glass fibers, carbon
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fibers, etc.) [20] [21] [22]. Thus, the choice of the matrix material, between a thermoplastic or
thermosetting, and the choice of the fiber reinforcement is crucial for obtaining a competitive
alternative material for structural applications [24] [25]. For the use of FRP in the aerospace
industry, and more particularly for the purpose of gas turbine engines, the choice of the matrix
material is a determining factor since the composite will be exposed to a harsh environment and
more particularly to high operating temperatures [26] [25] [27]. There exists already a wide variety
of polymer materials currently in use, as shown in Figure 4.2, but each of them operates at different
temperature ranges [25] [28]. From Figure 4.2, the most common polymers normally operate
between -250°C to 300 °C which makes them a good option for operating in the front of the engines

where temperature typically can range from -40 °C to 300 °C [7] [25] [29].
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Figure 4.2: Temperature range for polymers materials currently in use [25]
Additionally, when considering FRP for the purpose of gas turbine engines, it is also important to
take into consideration the orientation of the fibers [30]. Since there are a lot of moving and
contacting mechanical assemblies in the engines, Figure 4.1, where a high quantity of elements
such as bearings and seals are present [1] [29], the orientation of the fibers in FRP plays a crucial
role in ensuring good tribological properties [30] [31]. Although studies have already been
performed on the tribological characterisation of the fiber orientation in FRP at room temperatures
[31] [32] [33], these studies have focuses more on the parallel and anti-parallel orientation of the
fibers. However, little to no attention has been given on the characterization of the normal
orientation of the fibers in FRP and its tribological properties when subjected to high temperatures.

Thus, the purpose of this present study is to compare the tribological behavior of fiber-reinforced
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composite, in this case CF-PEEK, at high temperature and the effect of the fiber orientation

(parallel, anti-parallel and normal direction) for the purpose of gas turbine engines.

4.3. Materials & methods

4.3.1. Materials

In this study, four different samples were subjected to high temperature tribometer testing for their
characterization and to have a better understanding of the impact of the orientation the fibers in a
reinforced composite. The materials that were chosen for the purpose of this study are carbon
fiber/PEEK (CF-PEEK) composite and pure PEEK as a baseline for comparison. The CF-PEEK
composite was tested in three different orientations: Parallel to the fiber direction, anti-parallel to
the fiber direction and normal to the fiber direction, as illustrated in Table 4-1. The four different
samples were polished though automated polishing process and were cut to dimensions of

25x25mm with a thickness of 2mm.

Table 4-1: Samples Descriptions

Samples Descriptions Pictorial Representation

Sample 1 CF-PEEK (ZRT/PEEK film)
tested normal to the fiber direction

Sourced From: Boston Materials

Sample 2 CF-PEEK (unidirectional tape)
tested parallel to the fiber
direction

Sourced from: Toray Cetex

Sample 3 CF-PEEK (unidirectional tape)
tested anti-parallel to the fiber
directions

Sourced from: Toray Cetex

Sample 4 Pure Peek

Sourced from: Boedeker Plastics
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The CF-PEEK unidirectional tape samples were obtained from Toray Cetex (Toray Cetex
TC1200) and are composed of continuously long carbon fibers bonded and aligned by a semi-
crystalline PEEK matrix [34] forming a u