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Abstract

The accuracy of hot press forming process simulations with unidirectional fiber reinforced thermoplas-
tics is not at the desired level. Fundamental knowledge about the interactions between adjacent plies
is needed to enhance predictive quality. Several mechanisms can be distinguished during hot press
forming of composites. This thesis focuses on the inter-ply friction behaviour which is the resistance
against inter-ply slip. The main variable investigated in this study is temperature.

In this research, an extensive friction characterization with UD C/LM-PAEK is conducted at tem-
peratures ranging from 300 to 365 °C. The neat matrix material has been studied with DSC and
rheometry experiments. In general, a peak response can be seen during start-up in a friction char-
acterization experiment. This peak, or overshoot, progresses towards a steady state friction response
after a slip distance of several mm. Reducing the temperature showed similar effects to increasing
the sliding velocity in a ply-ply slip system. The peak during start-up increases in magnitude while
the steady state response remains approximately constant. Indications of flow induced crystallisation
have been observed during friction characterization around the melting point of the material. The time-
temperature-superposition principle has been applied to experimental friction data. This enabled to
predict the duration of the transition of peak friction response towards a steady state. Several mod-
elling efforts have been compared to the experimental data. The accuracy of the model predictions is
similar between 315 and 365 °C. Influences of flow induced crystallisation impede the reliability of the
specific models around and below the melting point.

The research lead to useful insights in the friction behaviour at relatively low temperatures. Further
research is required on the field of flow induced crystallisation for a better understanding of its role in
the friction response. Further study with other materials is needed to validate the application of the
time-temperature-superposition principle to predict the speed of the transition of peak friction response
towards steady state.

Keywords: Friction, Thermoplastic composites, Temperature, Hot press forming
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G" Loss modulus Pa
N Normal force N
H Hersey number m~?
h Matrix interlayer thickness m
n Power law index -
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T Temperature K
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Introduction

Throughout the last century, an increase in the application of composites as a material for components
in the aerospace industry has been accomplished. The applicability of composites in this industry is
broad. One-third of the total weight of military aircraft consists of composite materials ranging from
structural components to wings, fins and the radome [1]. The application is still limited in civil aviation
but the applicability is increasing every year [1]. An example of this is the application of composites in
primary structures, such as the wings and fuselage, of the Airbus A380 [2]. The innovation of these rel-
atively new materials has not stopped after implementation. At first, the goal was to reduce the weight
of an aircraft and therefore save fuel and costs. Nowadays the environmental footprint of the material
itself is a hot topic. This is why it becomes of interest to use a fiber-reinforced thermoplastic rather than
the conventional thermoset resin. The main advantage of thermoplastics is that they can be re-melted
and re-shaped. Recycling of thermosets is more complex since it cannot be remelted [3]. But besides
a relatively easier recycling process for thermoplastic composites, the initial production process can
also be more efficient in terms of automation, costs, energy, and time.

Thermoplastic composite parts are traditionally produced by autoclave molding. With the autoclave
molding technique, pre-impregnated woven fiber fabric or unidirectional (UD) tape is placed on a mold.
Pre-impregnated tape means that thermoplastic matrix material is already present and equally dis-
tributed between the fibers. After the layup of composite plies is secured by a vacuum bag, the part is
consolidated in the autoclave by exposing it to a specific pressure and temperature cycle. This produc-
tion method is functional, but it is not efficient regarding production time, energy, and space [4].

It is for this reason that at the end of the 20th century, one started looking for alternatives. This led
to the development of the hot press forming process. It can only be used with a thermoplastic matrix
material because the material needs to be re-melted and reshaped. The main difference here is that
the pressure onto the composite laminate is no longer hydrostatic but mechanically induced by a mold
press. This same press is also used to push the composite laminate into its final shape using a male
and female tool. A pre-consolidated composite blank is first heated to melt the matrix material, before
being transferred to the mold press [5]. This process is faster and more cost-efficient than conventional
autoclave molding but also the automation possibilities are more extensive [6, 7].

1.1. Aim of the study

A lot of research has been conducted about the hot press forming of woven fabric-reinforced thermo-
plastic composites [8, 9, 10, 11]. But UD oriented fibers offer new possibilities regarding automatic tape
placement and thickness and layup variations. Also, higher fiber volume fractions can be achieved by
using UD pre-impregnated tapes rather than pre-impregnated woven fabrics. Hence, a trend towards
UD fiber-reinforced thermoplastics is visible in the industry [12].

However, greater formability issues are experienced when using UD tapes in hot press forming [5].
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Where the complexity of part geometry goes up, so does the number of defects and issues in the pro-
duced parts. The most common issues are (related to) wrinkling and folding of the different plies in
the laminate, see Figure 1.1. Such defects can lead to a mechanical deterioration of the final product
by lack of consolidation or fiber waviness in defect areas [5]. Therefore, there is an urgent need for a
better understanding of the forming behavior of UD pre-impregnated tapes during hot press forming.
With this, accurate characterization and models can be realized and applied in simulation software.
Simulations are a more efficient and cheaper method compared to experimental trial and error. An ex-
ample of such software is Aniform [13], which utilizes a finite element method to simulate the hot press
forming process. This research can be useful in the determination of input parameters or a subroutine
regarding ply-ply friction modeling with respect to temperature. With this, prospective simulation-based
designing can be used to prevent defects from occurring during actual production.

Figure 1.1: Wrinkles in a UD thermoplastic composite part.

There are specific deformation mechanisms during hot press forming that allow the composite lami-
nate to be pressed into its final shape. These mechanisms occur within a single ply, as well as between
adjacent plies. The former is called intra-ply and the latter is called inter-ply deformation. The intra-ply
deformation mechanism consists of bending and shearing. The inter-ply deformation mechanisms are
slip between adjacent plies and slip between the press or tool, and surface plies. This is called ply-ply
slip and tool-ply slip. A delicate balance between these deformation mechanisms is what affects the
formability of the material to form a defect-free part [14].

Several studies dealt with the slip behavior at the most common processing temperatures [5, 15,
16, 17, 18, 19, 20]. However, the tool is at a lower temperature compared to the composite laminate
the forming stage. Therefore, it is also of interest to look into ply-ply friction at a lower temperature
region as well. Since the material properties of the polymer are strongly influenced by temperature,
it is expected that this has large consequences for the ply-ply slip behavior [5, 11, 21, 22]. In this
research, the ply-ply friction, or resistance against slip, of UD fiber reinforced thermoplastics will be
studied. The friction behavior will be characterized between the melting temperature and the typical
processing temperature of the thermoplastic material. The main goal of this thesis is to obtain a better
understanding of this behavior to predict forming defects during hot press forming more accurately. The
goal can be expressed as a main research question in the form:

» What is the effect of temperature on inter-ply friction of UD fiber-reinforced thermoplastics?
Consisting of the following three sub-questions:

» What is the effect of temperature on experimental friction characterization of UD fiber-reinforced
thermoplastics?

» How do temperature effects in the neat matrix material relate to the experimental friction charac-
terization results?

» What are the consequences for modeling and predicting frictional behavior of UD fiber-reinforced
thermoplastics in a temperature window lower than the typical processing temperature?

1.2. Structure

In this thesis, a literature review of studies related to friction in UD fiber-reinforced thermoplastics will
be presented first, hereafter the remaining gaps will be outlined. The research is mostly based on ex-
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perimental work, which can be divided into three different categories: thermal analysis, rheometry and
friction characterization. First, the experimental method for all three different experiments is presented.
Besides the experimental work, a model has been developed to predict part of the friction response,
which is explained together with two existing models. The results from the models are compared to
the obtained experimental data to assess their accuracy. The results from each of the experiments are
given in the results section. The results are discussed and all information is combined in an attempt
to fill the gaps in literature. A critical view of the study is outlined in the discussion and recommenda-
tions for further research are given. To finalize the report, the obtained knowledge is summarized in a
conclusion. This conclusion can serve to fill the literature gap presented in the Literature Review.



Literature review

Hot press forming and the advantages over conventional autoclave molding have been briefly dis-
cussed in Chapter 1. In this section, a full outline of the process will be given along with several
process parameters. The temperature cycle during the process and the deformation mechanisms that
are enabling the forming of the composite are further explained. The general friction response will be
discussed and the influence of the process parameters is outlined. Crystallization of the thermoplastic
matrix material is related to friction characterization. At last, four different approaches to modeling the
friction response in fiber-reinforced thermoplastics are explained and compared.

2.1. The hot press forming process

2.1.1. Pre-consolidation

UD plies are first pre-consolidated to obtain a laminate to use in a hot press forming process cycle. For
this, one needs a layup of separate composite plies or UD tapes. The UD tapes are stacked on top of
each other, each tape oriented in a specific prescribed direction to obtain a laminate with high strength
in the desired directions. See Figure 2.1a for an example of such a layup.

; Heat and pressure ; p
|/ ress
L 1 Mold
:_f,: Stack of composite
[1 l]\plles

Conduction

block
f Heat and pressure f ¢

(a) Antisymmetric balanced composite o
laminate in layup (0°/-45°/90°/45°/0°). The (b) Hot press pre-consolidation.
lines displayed in each ply represent the
fiber direction.

Figure 2.1: Schematic overview of stack of plies in antisymmetric layup and hot press pre-consolidation of thermoplastic
composite laminate.

This stack of plies is then placed in either an autoclave or a press for the pre-consolidation process.
A schematic overview of pre-consolidation using a heated press can be seen in Figure 2.1b. Pressure
and temperature are needed to transform the separate plies into a firm solid composite laminate. The
plies are flattened out during this process by the pressure and elevated temperature [23]. Also, a more
homogeneous fiber volume fraction throughout the laminate is obtained [24].

When the laminate has consolidated properly, a bond is established between the separate plies.
Overall, the quality of this bond and the composite laminate is determined by void formation during the
consolidation process [25]. These voids can be formed by an insufficient extraction of volatiles. Other
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examples of possible defects are fiber waviness, wrinkling or undulation [26]. The pre-consolidated
laminates are subsequently used as starting point for the hot press forming process.

A typical temperature and pressure versus time profile for a UD thermoplastic laminate during hot
press pre-consolidation is given in Figure 2.2. At first, the pressure is relatively low and stable, while
the temperature is gradually increasing up to the processing temperature. Shortly after reaching the
processing temperature, the laminate is further compressed by an instantaneous pressure increase.
After a dwell time of approximately 40 minutes, the laminate is cooled down again while maintaining
the high pressure [27]. After this final step, the laminate has consolidated properly and it should be
void-free at the ply interfaces.

400 12
S -
—~ i ~ 10
Og00f N £
PO 0 &
o k > >
E200} ! S 6 &
< 1 S 2
é /'I \'\‘ 4 §
| N
5 100 W ————— Temperature A
= 1 2
; Pressure
0 | I 10

Time (min.)
Figure 2.2: Typical pressure and temperature profile for UD thermoplastic composite laminate during press pre-consolidation

[271.

2.1.2. Hot press forming
The actual forming process contains four different steps: heating, positioning, forming and consolida-
tion & cooling. This is also illustrated in Figure 2.3.

L~
_ ]| | <2

Heating Positioning Shaping Consolidation & cooling Release part

Figure 2.3: Stepwise illustration of hot press forming process.

The pre-consolidated laminate already has the desired holes and varying thicknesses in combina-
tion with a suitable layup. The laminate can be clamped at the edges and is heated by infrared (IR)
radiation to the specific process temperature. This temperature is dependent on the thermoplastic ma-
terial. The hot laminate is transported to the optimal position between the male and female press tools
after reaching the desired temperature. The transport has to be as quick as possible to minimize heat
loss. The male and female tools are clamped together to shape the blank into the desired geometry
during the forming stage.

The tools are at a specific temperature between the glass and melting temperature of the used ther-
moplastic [28]. The severity of the part cooling can be controlled this way to optimize the crystallization
process. The cooling process is initiated immediately after the part touches the tool. This means that
shaping and cooling are partially simultaneous processes. After the part has been pressed in the right
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shape, the tool still presses it together for a few more seconds. The consolidation along with the remain-
ing cooling takes place during this step. The male and female tools are opened again after complete
cooling and the part is released. Finishing steps, such as cutting away the flange, are needed before
the product is ready to use.

The temperature of a composite part during hot press forming is visualized schematically in Fig-
ure 2.4, showing a typical temperature curve during hot press forming of a C/LM-PAEK composite
blank [27]. Phase Il and IV is the time under pressure of the tool. It can be seen that the temperature
of the blank rapidly drops from the processing temperature (7},) to the tool temperature (T3) after the tool
closes. The entire process has a duration in the order of minutes. More details about the temperature
inside the material during the forming stage will be given in Section 2.5.5.

4 I Il " v V 4
Tp Pmax

: -

Time (min.) —

Po

Figure 2.4: Typical temperature and pressure profile during hot press forming [27]. |: heating, II: transport, IlI: shaping, IV:
consolidation, V: cooling and release. T}, is the processing temperature of the material, 7} is the tool temperature. Constant
pressure is applied by the press/mold on the laminate during the shaping and consolidation stage.

2.2. Deformation mechanisms

As mentioned before in Chapter 1, different deformation mechanisms are active in the laminate dur-
ing hot press forming. Tool-ply and ply-ply slip are the most important concerning the subject of this
thesis. They will be discussed extensively in this literature review. The other mechanisms will also be
explained for a general understanding of the process, namely intra-ply shearing, bending of plies and
transverse squeeze flow [9].

2.2.1. Intra-ply shearing

Intra-ply shearing of UD composites is defined as the parallel movement of fibers. This can occur in-
plane, but also in the through-thickness transverse plane [29]. This is best explained by the illustration
in Figure 2.5. Here the three different intra-ply shearing modes are given. When a laminate consisting
of multiple plies is sheared, it is likely that inter-ply slip occurs. But intra-ply shear is the shearing of a
single ply and thus does not include the motion by slip.

// //
A3’] A3 A3 A2

2 2 1 1

» > > >
» 1 » 1

Figure 2.5: Intra-ply shearing of UD plies. 1 is the fiber direction, 2 is the in-plane direction normal to the fibers and 3 is the
out-of-plane direction. From 2" to 4!: transverse shearing, longitudinal shearing, in-plane shearing.
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2.2.2. Bending

Another deformation mechanism in hot press forming is bending of multiple plies. It can be found in
geometries with a single or double curvature. It has been extensively studied, the mechanism can be
modeled as layers of elastic fibers with a viscous polymeric material in between the layers [5]. The
mechanism is illustrated in Figure 2.6a. From this illustration, it becomes clear that several different
mechanisms are linked to each other. To bend multiple plies, they have to slip on the interface, which

is ply-ply slip.

Pressure
(a) Bending of a stack of composite plies. (b) Transverse squeeze flow in a UD ply due to a normal pressure.

Matrix-rich regions are formed on the sides.

Figure 2.6: The bending and transverse squeeze flow deformation mechanism in thermoplastic composite hot press forming.

2.2.3. Transverse squeeze flow

Transverse squeeze flow is a phenomenon that occurs mostly during consolidation. It can also occur
during the forming stage but to a lesser extent. Transverse squeeze flow can be defined as the trans-
verse movement of fibers due to a normal pressure. This is not possible in woven fabric, but only in UD
composite material [30]. An illustration is given in Figure 2.6b. The phenomenon can be compared to
the Poisson effect. However, the material is not stretching in the transversal direction when a normal
pressure is applied, but it can be regarded as a flow of material from one place to the other. This means
that it is only possible above the melting point of the matrix material.

2.2.4. Slip

Ply-ply and tool-ply slip are linked to almost any deformation mechanism described above. Slip and
friction are antagonists, one can see friction as the resistance against slip. Slip is here defined as
the in-plane movement of complete plies relative to another, see Figure 2.7, which occurs in both
UD and fabric-based composites. Ply-ply slip is a complex phenomenon because multiple materials
are involved in the slip system. Observatory research is not possible since the ply-ply slip process is
completely shielded during hot press forming. Moreover, all other deformation mechanisms have to be
suppressed to accurately characterize only the slip or friction behavior. Characterization experiments
have been developed for this reason. The goal is to mimic the slip during hot press forming and quantify
the friction while doing so. More details on the ply-ply slip behavior and the characterization will be given
in Section 2.3.

Tool 1
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Figure 2.7: Ply-ply and tool-ply slip schematically illustrated.

The tool-ply slip is closely related to ply-ply slip. The difference is the materials of the two surfaces
in contact. Where ply-ply slip occurs between the same materials, tool-ply slip is between a composite
ply and a tooling surface. This tooling is in most situations made from either aluminum or rubber. Of
course, the material also influences the tool-ply friction behavior. The presence of a mold release
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agent has a relatively large influence on the tool-ply slip behavior [31]. Therefore, tool-ply friction is
not characterized in this research, because the results would be highly influenced by the kind, amount
and application method of the specific release agent. This increases the complexity of the slip system.
A release agent is not applicable in ply-ply slip, which means that this is a phenomenon related to
the specific composite material or its properties rather than a system problem. Hence, a fundamental
understanding of the behavior is more important which is why the scope of this research is limited to
ply-ply friction.

2.3. Friction in hot press forming

Over the past decades, several studies attempted to capture the friction behavior by use of experimen-
tal work. The different approaches will be discussed in this section. All discussed studies concern
a composite with a thermoplastic matrix material with mostly a UD carbon fiber reinforcement. Also,
some work about woven reinforcement is included because the amount of literature on friction in UD
composites is limited.

The difference between ply-ply and tool-ply slip has already been discussed in Section 2.2.4. It
can be seen throughout the literature that the resistance against slip, i.e. the friction, is not the same
for both slip systems. However, it can be tested similarly. A first attempt to do this has been with a
conventional plate-plate rheometer by Groves et al., who characterized inter-ply slip and intra-ply shear
flow simultaneously [32]. The setup is displayed in Figure 2.8. A stack of plies is placed between the
two plates before being heated to a specific temperature higher than the melting temperature. The
stack of plies is subjected to oscillatory torsion by rotating the plates relative to each other. This way
the dynamic viscosity could be related to a steady-state combination of intra-ply shear and inter-ply
slip [5]. This immediately emphasizes the disadvantage of this method, the two different deformation
mechanisms cannot be distinguished separately.

M.0

l N - Hot plate

|

i :

i Composite
| !

- |
! \ Climate chamber
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| \
NS Hot plate

Figure 2.8: Oscillatory torsion deformation test method to characterize composite intra-ply shear and inter-ply slip by Groves
[5, 32].

A new method has been developed to characterize the shear and slip in a more enhanced manner
and it is used in multiple studies [17, 18, 22]. The method is illustrated in Figure 2.9. In this setup, a
ply or sub-laminate is pulled from between two clamped surfaces. This is the so-called pull-out test.
In between the pulled ply and the clamps can be another laminate with a specific fiber orientation [17]
or a layer of tool-material [18], which is specifically illustrated in Figure 2.9b. The possibility to change
the material at the slip interface makes it possible to characterize both ply-ply and tool-ply slip. The
temperature in the composite material can be actively controlled by heating or cooling the clamps. Us-
ing the pull-out test, a larger influence by the orientation of the fibers can be distinguished than was
possible with the oscillatory torsion method. More important, slip can be characterized isolated from
the influence of intra-ply shear [5].
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(a) Scherer and Friedrich [5, 22]. (b) Morris and Sun [5, 18]. (c) Lebrun [5, 17].

Figure 2.9: Different lab setups to characterize friction and slip behavior for composite plies or sublaminates, F' is the required
force to maintain the velocity during pulling, U is the displacement vector and N is the normal force [5].

~ Fpun
=57 (2.1)

In all test methods described in Figure 2.9, the pulled ply or sublaminate can be moved by a specific
velocity. This velocity is the time derivative of the displacement (U). The required force to maintain this
velocity is logged during the experiment, which can be converted to a shear stress present at the slip
interface according to Equation 2.1. A represents the clamped surface area, multiplied by two because
the ply or sublaminate has a slip interface on each side. This highlights the main disadvantage of a
pull-out test. When the specimen slides through the clamps, the clamped surface area A will decrease
causing a non-negligible normal pressure increase during testing [11].

To reduce the interference by intra-ply shear, a setup can be used where the fibers of all station-
ary composite layers are fixed, preventing any movement [19]. This setup can be seen in figure Fig-
ure 2.10a. Only tool-ply friction can be characterized with the displayed setup because a metal foil is
being pulled from between two composite plies. Nevertheless, it is perceivable to substitute the metal
foil for another composite ply with fibers oriented in the same direction as the displacement vector. This
way it is possible to look into ply-ply friction as well and it is called the pull-through method.

N N
Clamp Hot plate

Composite
i Metal foil Hot plate
ja d F

- [ >

!
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| [ U _ J; LU,
Composite
Hot plate Hot plate

(a) Test setup used by Murtagh et. al with fibers fixated and a steel foil  (b) Pull-through test setup by Gorczyca et al. Maximum displacement
that is being pulled [5, 19]. possible is indicated by length d [5, 8, 16].

Figure 2.10: Two different test setups to characterize friction in composite laminate forming [5].

As mentioned before, the disadvantage of a pull-out test is the normal pressure inhomogeneity
during testing. This can be prevented with a pull-through test rather than a pull-out test. The difference
lies in the way how the ply is pulled from between the clamped system. The pulled ply is clamped on its
entire surface in a pull-out test. This leads to a reduction of contact area while performing the test. In a
pull-through test, the pulled ply has a surplus in length which is found at the side opposite to the pulled
end. This extra length prevents a reduction of the clamped surface while testing. The pull-through test
is at this moment the most used method to characterize inter-ply friction and it has been used in multiple
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studies [8, 16]. An example of a pull-through test setup can be found in Figure 2.10b. The maximum
displacement for a single test specimen is equal to the distance d in Figure 2.10b.

2.4. Typical friction response

The general friction characterization methods for thermoplastic composites are explained. The differ-
ent testing methods lead to comparable responses. However, this response is dependent on process
parameters such as normal pressure, temperature, velocity and fiber orientation. In this paragraph,
the general friction response will be outlined. The influence of each parameter will be discussed in
Section 2.5.

_ Fpull
F= 9 R
In an isothermal test, with fixed normal pressure and velocity, a typical response looks like Fig-
ure 2.11. A clear peak and steady state region can be distinguished. The force (F,u) needed to
maintain the sliding velocity is already converted to a coefficient of friction (COF, 1) at the slip surface
using Equation 2.2 [14]. By conversion to a COF, the friction is normalized for the applied normal pres-
sure. The required pulling force can also be converted to a shear stress by dividing it by the two slip
surfaces. During a pull-through test, the force can be logged while the velocity of the pulled ply is kept
constant. In specific setups, it is also possible to log the displacement or velocity, while the force is
kept constant. The driving force for slip is fixed in such a setup and the resulting velocity of the ply is
logged. In such a situation it would be possible to investigate a static COF [33].

(2.2)

A peak friction
coefficient

Ml

steady state
friction coefficient

>

0 pulling distance

Figure 2.11: Schematic response of pull-out/pull-through experiments when one would consider the COF () according to
Equation 2.2. With a constant normal force, the curve for the pull force versus distance would be similar [14].

According to Lebrun et al. [17], the peak during start-up is caused by a static friction response. This
would mean that the pulled ply is not slipping until the stress overcomes this static friction before evolv-
ing in a steady state friction response. This theory is comparable to Coulomb friction for dry surfaces
where a static and a dynamic COF are used [33]. However, the friction characterization setup does
measure a displacement during the start-up peak. It seems implausible that the measured displace-
ment is caused by an elongation of the composite ply, considering the tensional stiffness of the fibers.
It is more likely that the setup has a small slack or that the sample has slipped in the clamp rather than
on the slip surface. This would be unique behavior for the specific setup, which would explain that the
theory by Lebrun et al. [17] is not supported by other studies.

Murtagh and Mallon [19] proposed a different theory for the peak start-up behavior. They stated that
during motion, the polymeric matrix material is percolating through the fibers in a transverse direction
toward the sliding surface. During start-up, the matrix interlayer thickness would be thinner and it would
increase due to this percolation. They also suggested that this extra resin material flows back to the
bulk when the movement has stopped. However, they were not able to prove that it causes the initial
peak force.
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Morris and Sun [18] validated that the peak in the curve is not caused by irregularities in the test-
ing equipment. It appeared that the peak was consistent throughout their measurements. To validate
this, a test was conducted until the steady state was attained. The test was then stopped for at least
10 seconds and then restarted. Consequently, the same peak in shear stress was found immediately
after the onset of slipping. This led to the conclusion that the peak shear stress had to be a specific
yielding point in the mechanism. The results from the validation test by Morris and Sun can be seen in
Figure 2.12. In this specific test, the sliding velocity is increased after the restart, causing the second
peak to be higher. In similar tests with a constant velocity, the peaks were of identical height [18]. The
yielding point theory was further investigated in later studies, where it was found to be the onset of
strong wall slip at the fiber-matrix interface [5, 20].
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Figure 2.12: Validation of start-up behavior during friction testing. The force on the y-axis is the pulling force required to pull a
single ply from a stack of plies in a pull-out test. The slipping velocity is increased at restart causing the second peak to be
higher [18].

2.5. Parameters influencing friction behavior

The typical ply-ply friction response of a thermoplastic composite has been discussed in the previous
section. However, this response is not identical in every situation. The influence on the friction response
by several process parameters will be discussed in this section. The parameters that are considered
most important are the normal pressure, the sliding velocity, the fiber orientation of the composite
plies and the temperature of the laminate during friction characterization. Together, these parameters
simulate the process during actual hot press forming. The location in a production cycle of hot press
forming has a high influence on the temperature inside the laminate, which will be discussed separately.

2.5.1. Normal pressure

When relating normal pressure to the friction response, it is important to take note of the terminology.
The normal pressure is the normal force divided by the slip surface of the ply. The shear stress re-
sponse is the required pulling force divided by the same two slip surfaces. The COF is given according
to Equation 2.2.

A representative analogy for a molten UD composite laminate is a wet towel. There is still in-plane
tensional stiffness but the stiffness in all other directions is mostly gone. Consequently, the normal
pressure on a laminate does not need to be very high to deform the laminate in the desired shape. The
required force is mostly in the order of a thousand Newton, but it strongly depends on the geometry,
layup and size of the part [19]. The inter-ply friction is dependent on the normal pressure, but this ef-
fect is different when looking at ply-ply or tool-ply friction systems. Both of the effects will be discussed
separately.
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Tool-ply effect

Several studies have investigated the influence of normal pressure on the tool-ply friction response.
Murtagh et al. [19] investigated the shear stress response in UD AS4/PEEK when increasing the nor-
mal pressure. They reported an increase in the steady state tool-ply shear stress for relatively low
sliding velocities (12 mm/min.). For higher sliding velocities (120 mm/min.), the steady state tool-ply
shear stress stayed approximately the same. Gorczyca et al. [8] also reported an increase in the tool-
ply shear stress when increasing the normal pressure with woven G/PP. However, it was not reported
whether this only applied to the steady state tool-ply friction or if it also applied to the peak behavior.
Ten Thije et al. [34] investigated the effect of normal pressure on both the peak and the steady state
tool-ply friction for woven G/PP. Both peak and steady state tool-ply shear stress response increased
with increasing normal pressure. The severity of the effect is larger in the work by Murtagh et al. [19],
compared to the work by Gorzcyca et al. [8] and Ten Thije et al. [34]. This underlines the hypothesis
that the effect is dependent on the fiber architecture of the composite.

Ply-ply effect

Murtagh and Mallon [35] investigated the ply-ply steady state shear stress for UD APC-2. They reported
a doubled shear stress after increasing the normal pressure by a factor of four. All while keeping
sliding velocity and temperature constant. Morris and Sun [18] looked into UD AS4/PEEK. They saw
an increase in the steady state shear stress by approximately the same factor as they increased the
normal pressure with. They attributed the effect of increasing shear stress to the transverse spreading
of the molten matrix material, leading to dry spots inducing local normal pressure peaks [18]. In both
studies, the distinction between peak and steady state response has not been made. The separate
effects of normal pressure on peak and steady state behavior in ply-ply friction is a research area
currently studied by Pierik et al. [36].

2.5.2. Sliding velocity
The sliding velocity has a large influence on the friction response considering the visco-elastic nature
of the matrix material, and it has been investigated in several studies [5, 18, 19, 21, 31].

Extensive research on the influence of sliding velocity on the shear stress response has been con-
ducted by Pierik et al. [20, 21, 31]. The influence of velocity seems to be similar in ply-ply and tool-ply
friction. It was found that the peak during start-up became more dominant for relatively high veloci-
ties. In the most extreme case, the peak friction response quadrupled the steady state response. The
peak disappears for relatively low velocities where the shear stress gradually increased until reaching
a steady state. Another finding is that there is no increase in the steady state response for a sliding
velocity ranging from 25 to 125 mm/min. It looks like the steady state response reaches an asymptotic
value with increasing sliding velocity. This suggests that above a certain critical velocity, the velocity
has little to no influence on the shear stress in the steady state region.

So, the sliding velocity appears to have a greater influence on the peak behavior rather than the
steady state behavior. This suggests that the peak and steady state responses are caused by two
different mechanisms. Or at least, a different combination of mechanisms. Pierik et al. [20], explained
this by attributing the peak shear stress to a purely viscous shear flow of a matrix interlayer between
two adjacent plies. The steady state shear stress would be caused by a severe reduction of this shear
stress due to the onset of strong wall slip at the fiber-matrix interface.

2.5.3. Fiber orientation

There are countless different combinations of fiber orientations possible when designing a composite
part. It is unavoidable that different combinations of fiber orientations are found between adjacent plies
in a single part. In this section, the influence of different layups on the friction response of UD compos-
ite plies will be discussed.
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Ply-ply effect

Several studies have been found where the ply-ply friction response with varying layups has been
investigated [15, 18, 30]. A clear observation is that the peak response of plies consisting of fibers
aligned with the sliding direction is higher than for plies where one of the two has a different orientation
[18]. This effect would become more severe with increasing temperature, because the commingling of
fibers is easier with the higher viscosity of the matrix material. Dérr et al. [15] observed an increase
in peak behavior for an orientation of (90°/0°/90°) compared to (0°/0°/0°) as well. For relatively high
sliding velocities, also a decrease in steady state response was observed for (90°/0°/90°) layups com-
pared to plies with aligned fiber orientations. This has been explained by the commingling of fibers
from the different plies during pre-consolidation when the fiber orientation of two adjacent plies is the
same [18]. Another explanation given in the literature is that a clear inter-facial layer of matrix material
cannot form during the consolidation of two plies with the same fiber orientation and therefore intra-ply
shearing would take place before inter-ply slippage [30]. The actual explanation for the behavior could
be a combination of these two theories.

Tool-ply effect

Tool-ply friction shows similarities to ply-ply friction regarding the influence of fiber orientation. Plies
that have fibers in the same direction as the sliding direction offer more resistance against sliding than
plies that have fibers in the direction orthogonal to the sliding direction [19]. Just a 10° deviation from
the sliding direction already decreased the overall friction response [35].

2.5.4. Temperature

The temperature has a large influence throughout the entire hot press forming process. It has to be
controlled precisely to produce defect-free parts. Besides crystallization, temperature also influences
the viscosity of the matrix polymer melt and could affect how the sliding velocity influences the friction.
The viscosity is in most studies captured in a rheological model. The temperature has a high influence
on such models. A temperature increase of a shear thinning polymer melt leads to a reduction in vis-
cosity for the same shearing rate [37].

Little research has been conducted in the field of temperature variation during friction characteriza-
tion. In most cases, the minimum temperature has been set relatively close to the typical processing
temperature. However, the tool temperature is much lower than this typical processing temperature. It
is therefore likely that the laminate is colder than the typical processing temperature during the shaping
of the laminate. In this subsection, the currently known effects of temperature on the friction response
are discussed.

Two studies have been found where the effect of a temperature below the melting point on friction
in woven composites was investigated [8, 17]. It was shown that lowering the temperature leads to an
increase in both the peak and steady state friction response. The sliding velocity seems to have a more
dominant effect on the friction response at lower temperatures (still above the melting point), resulting
in higher peak overshoots during start-up [17]. When the temperature is lowered severely below the
melting point, a new phenomenon is noticed. Instead of a peak in force followed by a steady state, the
required load starts oscillating after reaching a certain threshold value. This is illustrated in Figure 2.13.
The composite used in this research was a woven G/PP, PP has a melting point of around 160 °C. The
oscillating effect is already visible at a temperature of 140 °C but becomes obvious at 135 °C.

This wobbling effect at low temperatures is caused by the woven character of the fabric used. From
the data, it appeared that one cycle in the cyclic behavior at 135 °C corresponded to the same displace-
ment as the width of a single roving in the fabric. The temperature reduction has increased the viscosity
significantly, leading to a limited flow of matrix material and thus the rovings of the adjacent plies started
passing over each other [17]. An important observation made during this research was that in the tests
above the melting temperature, intra-ply shear also played a role. A high level of distorted fibers was
visible when looking at a cross-section of a sample tested at a higher temperature. However, in the
test specimens used in the test at 135 °C, a highly sheared layer of matrix material was visible and
the fibers were not distorted. So it seems that the viscosity reaches a threshold value where inter-ply
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Figure 2.13: Results of a pull-out test with 2x2 glass fabric/PP composite in a ply-ply friction test setup, velocity of 20 mm/min.
and normal pressure of 69 kPa [17].

slip becomes more dominant than intra-ply shearing [17]. This will be less obvious in UD composites
because there is practically no intra-ply shear if the plies are pulled in the direction of their fibers [17].

The previously described test results were part of an investigation of a fabric-based composite. The
cyclic load behavior at lower temperatures was a useful observation but given the explanation for this
behavior, it is not expected to occur in UD composites. Murtagh and Mallon [35] have investigated
the influence of temperature on the friction of UD composites but at a much higher temperature region.
They reported that the steady state ply-ply shear stress response decreases with increasing temper-
ature for a UD thermoplastic composite with a (90°/0°/90°) fiber orientation. However, as has been
explained in Section 2.5.3, this influence might be different for other layups.

Only one study was found that focuses on the friction behavior below the melting temperature of
the polymer in a UD composite [18]. The studied material is UD C/PEEK and the investigated temper-
atures are respectively 354, 343 (which is the melting point of PEEK) and 324 °C. The cyclic behavior
at temperatures below the melting temperature was not found in this research, which substantiates
the explanation for the behavior in woven fabrics. It was observed that the height of the peak in the
friction response increased by a factor ten from 354 to 343 °C and again a factor four from 343 to 324
°C. The steady state response increased less as the temperature was lowered. A factor two increase
was seen when lowering the temperature from 354 °C to 343 °C. The steady state friction response
remained constant when lowering the temperature from 343 °C to 324 °C. It was also found that at a
temperature of 324 °C, the fiber orientation of the plies did not influence the friction response anymore,
whereas it did have an influence at higher temperatures. This observation led to the conclusion that
when matrix material flow is limited, the friction is not influenced by fiber orientations. Considering that
only three different temperatures are used in the research by Morris and Sun [18], and only one of
these temperatures is below the melting point, more expanded research would have to be conducted
to characterize the friction below the melting point properly.

2.5.5. Temperature distribution during hot press forming

A composite laminate is build up from multiple plies, the total thickness is determined by the number
of plies. One could argue that the temperature curve given in Figure 2.4 is not applicable on each ply.
The central plies have a nearly uniform temperature after leaving the heating stage. The outer plies are
approximately 15 °C warmer [38]. However, during transport to the hot press and the forming stage,
the outer plies will be subjected to more severe cooling than the center plies. In this case, the temper-
ature distribution in the through-thickness direction of the laminate will be dependent on the thermal
conductivity of three media, the composite material, the air during transport and the tool material.

A test with thermocouples between the plies during hot press forming can be used to measure the
temperature distribution in the through-thickness direction. Such a test has been conducted at TPRC
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with a woven G/PA-6 [38]. The used laminate consists of eight plies and the melting point of PA-6 is
around 220 °C. The tool temperature in this specific test has been 150 °C. From the results, it has
been observed that the two outer ply-ply interfaces instantaneously cool down to the tool temperature
once contact with the mold has been made. A maximum cooling rate of over 2000 °C/min. is achieved.
The second interfaces cool down significantly slower. The remaining central interfaces cool down with
a similar rate of approximately 460 °C/min. [38]. A decline in the temperature at the outer interfaces
is visible after transport from the oven to the press is initiated. The other interfaces remain constant.
However, the measured decline is only marginal and it can be assumed that the laminate has a uni-
form temperature when mold contact is initiated. The described test consists of a specific material with
a specific geometry resulting in unique data. However, it does give an indication of the temperature
distribution in the composite laminate. In other research at TPRC, where a single thermocouple was
placed in a C/PEEK composite laminate, similar cooling rates in the order of 103 °C/min. were achieved.

The results of these tests are of interest when determining the temperature window for friction char-
acterization experiments. Together with this, an appropriate cooling rate can be established for which
the friction behavior should be studied further. It can be concluded that for the most realistic simulation
of the real process, one has to conduct non-isothermal friction characterization tests. But this requires
a highly advanced setup where a temperature profile can be used during a friction test.

2.5.6. Velocity and temperature combination

During hot press forming and experimental friction characterization, temperatures are typically high
enough for the thermoplastic polymer to melt. When performing rheometry experiments with a polymer
melt, temperature and time appear to be interchangeable. This phenomenon is referred to as the time-
temperature-superposition (TTS) principle [39]. In the case of friction characterization experiments,
when regarding the sliding velocity as a duration parameter, a similar effect may occur.

TTS is a well-known method where the assumption is made that temperature and time can be ex-
changed with each other. The method is based on the observation that when recording rheological
data over time, at a specific temperature, the shape of the curve does not seem to change with temper-
ature but only shifts in a particular direction [39]. Using TTS, multiple tests on different temperatures
can lead to similar results as one extensive test at low temperatures. The widely acclaimed method is
mostly used in studies investigating time-dependent rheological properties [40, 41].

The coupling between temperature and time is called the temperature shift factor. It is a factor
rather than a term due to the logarithmic nature of rheological data. This factor can be described by a
Williams-Landel-Ferry model [42] or the Arrhenius model [43]. One of these models can be fitted to ex-
perimentally obtained temperature shift factors. Using this fit, temperature shift factors can be predicted
and thus material properties in a broader range can be obtained without time-intensive experiments.

2.6. Crystallization

Several factors influence the crystallization of a polymer. It can be expected that the presence of fibers
enhances the complexity of the crystallization kinetics [44]. Also the cooling rate is of influence on the
crystallization, it strongly affects the onset temperature [45]. The crystallization kinetics of a thermo-
plastic polymer can also be influenced by shear flow which complicates the problem.

Flow-induced crystallization (FIC) is crystallization that takes place due to an accelerated nucle-
ation rate which is induced by lining up the polymer chains by shear flow deformation [46]. But also
extensional deformation can accelerate the crystallization rate or increase the onset temperature of
crystallization [47]. The shear flow or extension aligns the longest chains which decreases the amount
of entropy in the system. This reduces the energy barrier for nucleation [48]. From earlier research, it
appears that the impact of shear flow on the acceleration of crystallization can be directly measured by
the specific work induced by the shear [46, 47, 48], see Equation 2.3.
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W = / ) A2 dE = n(3) 42t (2.3)
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Where W is the specific work in J/m?3, ¢ is the total shearing time, v is the shear rate and 7 is the
viscosity at this shear rate. FIC has been investigated earlier for multiple thermoplastic polymers [46,
47, 48]. From Equation 2.3, it can be seen that even with relatively short shearing times, still a rela-
tively high specific work can be achieved as long as the shearing rate is high. A thin polymer interlayer
forms between two adjacent plies during hot press forming or friction characterization, which results
in relatively high shear rates. It is therefore plausible that FIC can occur during friction characteriza-
tion at temperatures below the melting point of the thermoplastic polymer. This does not necessarily
have to harm the hot press forming process but it needs to be taken into account when assessing the
friction response at lower temperatures during experimental characterization. No studies have been
found where the influence of FIC on the hot press forming process or friction characterization has been
investigated.

2.7. modeling friction behavior

To accurately and quickly predict the shaping behavior of a laminate during hot press forming, a faster
tool is needed than conducting friction experiments every time. A simulation tool, predicting the forming
behavior, is in this case much more useful. A model to predict the friction response can be used as
input for such a simulation software. Throughout the literature, a specific friction model is in most
cases combined with a viscosity model for the polymer melt. In this chapter, a description of several
distinct models will be given to get an overview of the different ways to approach the problem. To get
a perspective, the different models are described in chronological order of the date of publishing.

2.7.1. Tool-ply friction model based on Stribeck-curve theory

In 2007 Gorczyca-Cole et al. [8] compiled an empirical friction model based on the Stribeck curve the-
ory. According to Stribeck, a COF can directly be related to the so-called Hersey number [49]. The
Hersey number H is given in Equation 2.4 [8].

n-v
N

7 is here the viscosity of the lubrication media, the molten polymer, V' is the sliding velocity and N is
the normal load. In Equation 2.4, the temperature and shear rate are also of influence by the viscosity
of the molten polymer. So itis possible to obtain the same Hersey number for a different temperature or
sliding velocity, as long as the other parameters are altered accordingly. One can plot the COF versus
the Hersey number and this is called the Stribeck curve [8]. Using an extensive range of experimental
parameters, part of the Stribeck curve can be generated experimentally. Gorczyca-Cole et al. [8] pro-
posed a method of data fitting and applying a temperature shift to be able to predict the COF with the
obtained data.

H— (2.4)

In the publication of this model, it is not mentioned if the obtained COF represents the peak behavior
during start-up or the steady state response [8]. In the functions that are fitted to the data, the pulling
force is taken as a constant with respect to displacement. This leads to the assumption that the resulting
COF of this model is the steady state friction response. This is important to take into account when
applying the model. The method has been validated by Sachs [5]. He confirmed that it proved reliable
for fabric-reinforced thermoplastics, but that the theory does not hold for composites with UD fibers.
Another important note is that Gorczyca-Cole et al. [8] assumed a matrix interlayer thickness before
being able to compute the shear rate and thus the viscosity of the polymer material. However, it is not
proven that this thickness is constant throughout the process. Another disadvantage is that first a high
number of friction characterization experiments has to be conducted before the method can be used.
This has to be done for every new material.
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2.7.2. Tool-ply friction model based on Reynolds equation

Ten Thije et al. used a unit cell approach to implement the geometry of a fabric weave into a model
to predict friction in tool-ply slip [34]. This model utilizes the Reynolds equation for thin film lubrication
[49], which is initially deduced from the Navier-Stokes equations [50]. Different from the Stribeck curve
theory, the pressure inside the thin film is not assumed to be constant. It is included by calculating the
pressure build-up in the thin film, induced by the geometry of sliding surfaces.

The Reynolds equation reduces to Equation 2.5 assuming no density changes, a steady state slip,
no geometrical deformations and only flow of matrix material in the direction of the slip. For more details
on this, the reader is referred to the original paper [34].

o (h® Op oh
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In Equation 2.5, the variable U is the relative velocity in the slipping direction (z), h is the thickness
of the film, p is the pressure and 7 is the polymer viscosity.

The cross-section of a weave is elliptical when it is slipping across a flat tool. This means that the
film thickness varies in the direction of sliding. The film thickness h(x) can be expressed as hg + h*(x),
where hg is a constant and h*(z) is based on the geometry of the weave. Pressure builds up during
slipping due to the geometry, leading to a bearing force [49]. It also leads to the flow of the polymer
leading to a viscous friction force. The boundary conditions of the pressure profile can be used to solve
Equation 2.5 for x, where the pressure is zero. This x-value can be used to compute the critical bearing
length L.. However, a value for hg is needed for this and this value is unknown [34].

Check the difference
— Calculate L, and F, — between normal pressure
per unit length and F,

| }

NOK? OK?

}

Calculate F;

Solve differential equation

Estimate h0 — for p(x) and obtain x,

Figure 2.14: Flow chart of the iterative model to calculate the correct value for hg and apply this to calculate the frictional force
per single weave.

The iterative model displayed in Figure 2.14 is used to calculate the bearing force (Equation 2.6)
and equate this to the applied normal pressure using a specific value for hy. These forces should be
equal since the weave is not moving normal to the slipping direction. With the correct film thickness hg
found, the total friction force per weave can be calculated according to Equation 2.7 [34].

sz/L p(z)dx (2.6)

Ff:/ 7(z) dzx (2.7)

If this iterative model is applied to every type of weave in a laminate and multiplied to obtain the
specific dimensions of the laminate, a total friction force can be calculated.

For relatively low velocities, the model slightly overpredicts the actual COF. The model slightly un-
derpredicts the COF for relatively high velocities. In general, a good fit is observed to the experimental
results. But the model cannot be applied to UD composites as they do not exhibit such severe film
thickness variations causing a pressure build-up [5]. Hence, Sachs [5] used a different approach to
predict the UD tool-ply friction response in the model that is discussed next.
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2.7.3. Mixed lubrication model for UD tool-ply friction

U. Sachs [5] used a different approach by splitting the total friction force into a dry contribution and a
viscous contribution. This model assumes that after reaching a critical shear stress, wall slip between
the fibers and the matrix interface layer decreases the friction. It is assumed that a laminate is incom-
pressible in the thickness direction and that the applied normal force is transferred to the tooling by
the fiber network. This results in dry contact points between the laminate and the tool where the fibers
touch the tool surface. On the locations where the fibers do not touch the tool, viscous shearing of the
polymeric matrix material will take place. With a set of assumptions, an estimation can be given of the
total number of dry contact points per unit area [5].

The frictional force by the dry contact points is the total dry contact area times the interfacial shear
strength. The size of an individual contact area can be determined with the Hertzian contact model
[49], using the total normal load divided by the number of contact points per unit area.

The viscous friction force is deducted from the viscous shear stress in the matrix material and in-
tegrated over the remaining contact area (A"°) after subtracting the dry contacts from the total area.
The shear stress is dependent on the shear rate and the viscosity of the polymeric material at that
specific rate and temperature. A 1D flow in the direction of slipping is assumed. After reaching a
certain critical shear stress 7°™, wall slip between matrix material and tooling is assumed and which
leads to velocity increases without further enlargement of the shear stress. The work by Hatzikiriakos
[51], who performed extensive studies on wall slip with pure polymers, proved valuable to estimate a
critical shear stress 7. This all leads to Equation 2.8 and Equation 2.9 for the viscous friction force [5].

visc

5¢ = min. (¥ - n(¥,T), ™) (2.8)
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The viscous and the dry contribution are simply added to calculate the total friction response. The
prediction can be validated by a pull-out or pull-through test. Due to the dry contact friction, normal
pressure is of high influence in this model. For relatively high normal pressures, the model prediction
becomes more accurate. This is an indication that the inaccuracy could be lying in the dry contact
contribution. Altogether, the model represents the experimental results only at high sliding velocities,
but only if the matrix film thickness has been investigated microscopically and if the wall slip behavior
and especially the onset of wall slip is measured rather than estimated [5].

2.7.4. UD ply-ply friction model based on wall slip
The 3 models described above are all compiled to model and predict tool-ply friction. Only one effort,
by Pierik et al. [20], has been found where the ply-ply friction response of UD composites is modeled.

In the model by Pierik et al. [20], the friction response is separated into the typical peak and the
steady state response. The model assumes a simple one-dimensional shear flow that causes the peak.
When the matrix material starts slipping along the fibers, the response evolves into a steady state. This
occurs after a critical shear stress has been achieved like in the model by U. Sachs in Section 2.7.3.
The main difference lies in the fact that this is a ply-ply friction prediction rather than tool-ply friction.
Also, the surface roughness of the fibers themselves have not been taken into account in this model
and a matrix material interface layer between the two plies is assumed. In the currently discussed
model, the critical shear stress is obtained through experiments rather than an assumption as is the
case in the model by Sachs [5].

To calculate the simple shear flow in this model, the thickness of the matrix interlayer between two
plies is needed. This can be obtained from cutting used specimens and observing the cross sections
in an optical microscope. However, an easier way is to use randomly generated fiber distributions to
obtain an artificial matrix interlayer thickness. This method proved itself as a reliable one according to
the published results [20].
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If two adjacent plies move with a relative velocity V, then the matrix material that forms the interface
layer will be sheared with a local shear rate 4. This shear rate is then given by Equation 2.10 when
assuming 1D flow.

Vv
Y= 21
= 1 (2.10)
Here h(z) is the height of the interface layer and the x-axis lays in the direction of the width of the ply
and at the exact center of a generated fiber distribution [20]. To obtain the shear stress, a rheological
viscosity model has to be used. In the research where this model is established [20], UD C/PEEK was
used and the Cross model was the best fit to the viscosity data, see Equation 2.11 [37].

: "o
10 = Ay (2.11)
Here, 7o is the zero shear-viscosity, 7* is critical shear stress and n is the Power Law index. The
reciprocal of 2 is an indicator of the onset shear rate of the shear thinning region. The local shear
stress 7V¢ is the product of the local viscosity and the local shear rate as given in Equation 2.12. But
the thickness of the matrix interlayer i(z) is not constant. Therefore an average shear stress is com-
puted across the total width of the matrix interlayer w, see Equation 2.13.

T(z) = n(¥(z)) - ¥(x) =1 (hfx)) : % (2.12)

Tavg = %/0 7(x) da (2.13)

If one assumes a critical shear stress 7% for the onset of wall slip, then the local shear stress
becomes the minimum of either the viscous shear stress or this critical shear stress [51]:

7(x) = min. (n (hZc)> : hz;),fcr“> (2.14)

So with a larger shear rate, the viscosity-induced shear stress increases while the critical shear
stress remains constant. Because it is a local shear stress, one by one, local shear stresses will
achieve this critical shear stress and strong wall slip will become dominant [51]. Following this, the fric-
tion response will reach the steady state of strong wall slip [20]. In order to obtain the actual average
shear stress, Equation 2.13 and Equation 2.14 are to be combined.

The film thickness h(x), is the crux of this model. It is time-consuming to cut specimens every time
and to prepare the cross sections for optical microscopy. Along with that, it can be rather difficult to
distinguish the actual slip interface in these micrographs [20]. Therefore, an attempt has been made
with a randomly generated fiber distribution across a baseline, to mimic the ply-ply interface. The fiber
distributions are generated with the algorithm by Melro et al. [52]. It appears that this method yields
just as accurate results compared with real micrographs of specimen cross-sections. This has to do
with the fact that the fibers are in general homogeneously distributed in an actual micrograph, making
the location of a slip interface arbitrary [20].

A series of pull-through tests are conducted and compared to the model to validate the accuracy.
These tests also provide one with a critical shear stress. From the tests, it appeared that after reaching
a certain sliding velocity, the steady state response reached an asymptotic value and did not increase
further. This plateau steady state shear stress can be utilized as critical shear stress for the onset of
strong wall slip as it does not seem possible for the shear stress to achieve a higher value in the steady
state [20]. The model is accurately predicting both peak and steady state responses by implementing
a critical shear stress. For more details on the comparison between the model and the experimental
results is referred to the original paper [20].
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For this model, the Cross viscosity model was used, and the tests were conducted at the same
temperature [37]. But it is yet unknown what will happen if the temperature is altered. The viscosity will
likely shift, causing the critical shear stress to be achieved earlier for lower temperatures and later for
higher temperatures. This is only from a viscosity point of view, if the temperature also influences the
interlayer thickness then the mechanism would become more complex, and perhaps the model would
not represent the experimental data properly anymore. Further investigation in the lower temperature
range is needed to verify the model for other temperatures than the typical processing temperature.

2.8. Literature gap

An introduction to the topic has been given in Chapter 1 and an outline of the corresponding literature
has been discussed in the current chapter. With this, it is possible to identify the gap in literature that
requires further research and is thus the main motive for the research conducted in this thesis.

Three different gaps in the literature can be identified:

» Knowledge about the friction behavior in UD thermoplastic composites, at significantly lower tem-
peratures than the processing temperature, is still lacking. Research has been conducted on this
field [18], but an expansion in experimental parameters is needed to appropriately formulate any
conclusions about the friction behavior at such a low temperature.

» Temperature not only affects the thermoplastic material in terms of rheology but also crystallization
can start to play a role at relatively low temperatures. To aid in understanding the causes for
forming issues due to increased friction, it is of interest to look into the thermoplastic polymer at
lower temperatures. This information can be used to explain any changes in the friction behavior
compared to the behavior at higher temperatures.

» Predictive models proposed in Section 2.7 [5, 8, 20, 34] have been benchmarked against ex-
perimental data at typical processing temperatures for the used material. It is yet unknown how
accurate these models are at significantly lower temperatures. Using experimental data, a com-
parison and validation can be conducted in a larger temperature range.



Experimental method

The used methodology to characterize the ply-ply friction response will be presented in this chapter.
Along with this, an explanation of the used setup will be given. The thermo-analytical experiments with
composite material will be outlined along with the used parameters. Rheological experiments have
been used for two different purposes, the specifics and goals of both experiments will be given. At last,
the methodology of the FIC experiment will be given.

3.1. Materials

The same composite material has been used throughout the research. Samples have been cut from
larger rolls of Toray Cetex TC1225 [53]. This is a thermoplastic composite material consisting of semi-
crystalline Victrex LM-PAEK AE250 strengthened by carbon fibers. The fibers are UD oriented in the
tangential direction of the supplied rolls. The matrix material has a melting temperature of 305 °C
and a typical processing temperature of 340 to 385 °C, according to the manufacturer. The supplied
rolls of composite material are approximately 30 cm (12 inch) wide. The outer 5 cm of the rolls are
discarded and not used in any experiment since a stronger influence of the production process can be
expected here compared to the center. This reduces the possibility of experimental result scattering by
non-homogeneity of samples.

3.2. Thermal analysis

Differential scanning calorimetry has been used to obtain the thermal properties of the composite mate-
rial utilizing a TA DSC 250. Also, the neat polymer matrix material has been analyzed to establish any
influences by the fibers on the thermal properties. The neat polymer matrix material (in powder form)
has been supplied by the manufacturer of the composite, Toray Advanced Composites.

Smaller pieces that fit the sample pans of the DSC have been cut from the rolls of composite material.
Each sample weighs between 4 and 7 ug. Sample pans provided by TA Instruments have been used
along with the corresponding encapsulation press. An empty reference pan is used to calibrate the
measurements. Samples are loaded by a built-in auto-sampler.

3.2.1. Thermal properties

To validate the thermal properties presented by the supplier of the composite material, several DSC
tests have been performed. Both with the LM-PAEK powder and with the carbon fiber reinforced LM-
PAEK to examine the influence of the fibers on the thermal properties. With both materials, five different
tests have been conducted consisting of two thermal cycles. The first cycle is used to obtain information
about the glass transition temperature, melting temperature and potential re-crystallization. The second
cycle is performed to investigate the influence of the cooling rate on the crystallization temperature
without any influence from the initial production process. The investigated cooling rates are 7, 25, 35,
45 and 60 °C/min. The temperature profiles are given in Table 3.1.
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Table 3.1: Temperature profiles of DSC analysis to obtain thermal properties of both the neat matrix material (LM-PAEK) and
the composite material (C/LM-PAEK). *Rate X is either 7, 25, 35, 45, 60 °C/min.

Action Duration Rate
Equilibration at 40 °C - -

Heat to 365 °C - 20 °C/min.
Isotherm at 365 °C 5 min. -

Cool to 50 °C - 7 °C/min.
Isotherm at 50 °C 5 min. -

Heat to 365 °C - 20 °C/min.
Cool to 50 °C - X* °C/min.

3.2.2. Representation of temperature during friction characterization

The temperature profile used to obtain a specific heat flux versus temperature curve has to be pre-
scribed. The profiles used in this experiment are a representation of the sample temperature during
a friction test and they are presented in Table 3.2. The cycle is repeated once after completion, to
investigate the influence of the thermal history on the material. The isothermal step of 6 minutes is
corresponding to the dwell and measurement time during an actual friction characterization test. The
results from the thermal analysis can be used to determine whether crystallization occurs during friction
characterization tests.

Table 3.2: Temperature profiles of DSC analysis to investigate isothermal crystallization. *Temperature X is either 365, 345,
330, 315, 300 or 270 °C.

Action Duration Rate
Equilibration at 40 °C - -

Heat to 365 °C - 20 °C/min.
Isotherm at 365 °C 5 min. -

Cool to X* °C - 7 °C/min.
Isotherm at X* 6 min. -

Coolto 40 °C - 20 °C/min.
Repeat process - -

3.3. Rheometry experiments

An Anton Paar Physica MCR 501 rheometer has been used to obtain the rheological properties of the
neat matrix material. This is a plate-plate rheometer, both plates are 25 mm in diameter. A mechanical
hot press is used to produce disc samples from the polymer powder. The powder is placed in a disc-
shaped mold with a diameter of 25 mm and a thickness of 1 mm. The press is heated to 340 °C and a
force of 40 kN is used to press the mold together. The disc sample is placed between the two plates of
the rheometer and heated to 365 °C. The excess material is trimmed away after reaching the correct
temperature and positioning the plates in the measuring position with a 0.8 mm gap width.

First, an oscillatory amplitude sweep with a constant radial shear rate of 1 rad/s is performed. The
resulting storage and loss moduli versus radial shear strain is used to determine the linear visco-elastic
domain of the material. 1% Radial shear strain is approximately in the middle of this domain and is
thus used in a series of frequency sweeps.

Oscillatory frequency sweeps between 0.1 and 500 rad/s and a strain amplitude of 1% have been
conducted to obtain the complex viscosity as a function of angular frequency. The temperature for the
frequency sweeps has been 365, 345, 330, 315 and 300 °C. Each measurement has been conducted
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three times and the results are averaged. The resulting complex viscosity versus angular frequency
curves are converted to viscosity as a function of shear rate by applying the Cox-Merz rule [54]. Con-
tinuous shearing tests have been performed at relatively low rates to validate the Cox-Merz rule. The
obtained viscosity data is fitted with the Cross model given in Equation 2.11 [37].

3.4. Ply-ply friction characterization

A Zwick friction tester has been used for the characterization of the ply-ply friction response. This spe-
cific friction tester has been benchmarked in earlier research by Sachs [5]. For this setup, a specific
sample has to be prepared. It consists of one composite ply in the middle (I in Figure 3.1b) with a
shorter ply (IV) on both sides of it. The sample dimensions are given in Figure 3.1c. The fibers are
oriented in the longitudinal direction. The composite plies have a middle section of 5x5 cm? where they
overlap, the friction is characterized here. The alignment and positioning of the composite plies relative
to each other are standardized for every measurement with a 3D-printed alignment tool. The normal
stress and temperature of the overlap are controlled by two heated clamping blocks (Il in Figure 3.1b).
These blocks are shielded from melting matrix material by disposable steel foils (lll). The inner and
outer surfaces of the plies in the sample have a specific orientation with respect to the originally sup-
plied material roll. This orientation has been kept constant throughout the research. In addition, the
top and base of each ply have been kept constant with respect to the rolling direction. The two shorter
composite plies are fixed by a stationary clamp at the bottom. The middle ply is clamped at the top,
this clamp moves with a constant rate in the vertical direction during the experiment. The alignment of
the sample to the direction of motion is confirmed with a self-leveling laser light.
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(a) Camera shot of Zwick friction tester. (b) Zwick friction tester. I: moving ply, II: heat (c) Sample and dimensions in mm, all plies
block, llI: steel foil, IV: stationary composite ply. have a thickness of 0.14 mm.

Figure 3.1: The Zwick friction tester along with an outline of the samples and their dimensions.

The required load, to pull the middle ply from between the other plies and heating blocks, is logged
during an experiment. Using the known slip surface area, the shear stress can be computed from this
load according to Equation 3.1. The required load is denoted by F' in N and the slipping surface is
denoted by A in m?. The middle ply slips on both sides, therefore the surface is multiplied by 2.

F
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The sliding velocity of the ply is controlled by the setup. The heat blocks have a length of 50 mm
(surface area of 25 cm?) but the overlap of the plies is 65 mm in length, see Figure 3.1c. The additional
overlap is used to be able to slip at least 10 mm with 5 mm as a safety margin. The sample is heated
to 365 °C and then cooled to the desired characterization temperature with a rate of 7 °C/min. Itis first
heated to 365 °C, to fully melt the thermoplastic material and obtain a uniform temperature. It would
be desired to have a higher cooling rate to achieve the characterization temperature, but this is not

T

(3.1)



3.5. Flow-induced crystallization 24

possible in the used setup. A 5-minute dwell time at the characterization temperature has been used
to obtain thermal homogeneity and to prevent inconsistencies between measurements regarding dwell
time. The duration of a single experiment can be calculated beforehand by using the prescribed sliding
velocity and slip distance of 10 mm. The motion is stopped manually after this specific amount of time.
The data logging continues after standstill to obtain relaxation and residual stress data. Hereafter, the
load required to lift the upper clamp and sample is logged to correct for the gravity.

The friction has been characterized at 5 different velocities of 10, 25, 40, 75 and 125 mm/min. The
temperature has been varied between 300, 315, 330, 345 and 365 °C. The normal pressure has been
kept at 15 kPa for every measurement. A complete overview of the experimental parameters is given
in Table B.1 of Appendix B.

3.5. Flow-induced crystallization

As was explained in Section 2.6, FIC may occur during friction characterization at relatively low tem-
peratures. To investigate the severity of FIC at the lowest characterization temperature of 300 °C, a
set of experiments has been conducted.

A DSC-experiment has been used to validate that during 6 hours at 300 °C, no crystallization occurs
in the LM-PAEK powder when the sample is not subjected to shear flow deformation. An Anton Paar
Physica MCR 501 rheometer with 25 mm parallel plates has been used for the main FIC experiment.
Discs are pressed from neat polymer powder as has been explained in Section 3.3. These discs are
made from the same polymer as the matrix material in the composite plies that have been tested during
friction characterization. After placing the discs between the parallel plates in the rheometer, they are
heated to 365 °C before starting the FIC experiment. After an isothermal period of 5 minutes at 365
°C, the temperature is reduced to 300 °C with a rate of 10 °C/min., while preventing an undershoot
after 300 °C has been reached. Immediately after reaching 300 °C, the sample disc is sheared with a
constant rate for a duration of 250 s. Following the period of constant shear, an oscillatory time sweep
is performed with a relatively low strain amplitude of 0.5% and angular frequency of 5 rad/s. The stor-
age and loss modulus are logged during this time sweep. The phase shift angle § can be determined
from these moduli using Equation 3.2.

1

tan(d) = % (3.2)
In Equation 3.2, G is the loss modulus and G’ is the storage modulus. The loss modulus rep-
resents the viscous behavior of a polymer melt, whereas the storage modulus represents the elastic
behavior. If crystallization starts in the polymer melt, the ratio of the viscous and elastic behavior will
change in favor of the elastic contribution. This means that due to crystallization, ¢ will decrease. This
way, the duration for the phase shift angle to reach a value of 50° can be used as an indicator of the
crystallization time [48]. If FIC does indeed occur, then an increasing constant shear rate during the
period before the time sweep should decrease the crystallization time. Or in this case, the time before

the phase shift angle has reached a value of 50°.

Different constant shear rates have been tested, ranging from 0 to 70 s~'. A new sample and new
rheometer plates have been used for every experiment. The furnace of the rheology meter is constantly
flushed with nitrogen gas to prevent degradation of the polymer during the measurements. After each
experiment, the sample is heated to 365 °C again and a frequency sweep is performed. This is also
done before the experiment has started. The results of the frequency sweep before and after the FIC
experiment are compared to confirm that the polymer has not undergone any other changes during the
FIC experiment.



Modeling

When designing a hot press forming part, it can be beneficial to predict the forming behavior by use of
simulations. To do this, one first has to be able to predict the friction behavior as this is one of the main
deformation mechanisms. Different approaches can lead to a different prediction of the friction behav-
ior with varying accuracy. In this research, three different approaches will be compared to the obtained
experimental data from the friction characterization. The methods are explained in this chapter, along
with their similarities and differences.

Each of the three discussed approaches assumes that an interlayer consisting of matrix material
forms between two plies in a ply-ply friction test. Using the varying height of this matrix interlayer in the
transversal direction and the prescribed velocity of the friction test, a corresponding shear rate of the
matrix material can be calculated. Using the viscosity of the matrix material obtained according to the
method described in Section 3.3, one can calculate a local shear stress depending on the local shear
rate. Taking the average of these local shear stresses gives a single value for the viscous shear stress
response. Assuming no wall slip occurs during the peak behavior of the shear stress response of a
friction test, this viscous shear stress should correspond to the value of the peak [20]. Introducing a
critical shear stress for the onset of wall slip results in a local maximum shear stress. This influences
the total average viscous shear stress and can be used as a prediction for the steady state shear stress
response in a ply-ply friction test. This method, to predict both the peak and steady state behavior is
explained in more detail in Section 2.7.4 [20]. The difference between the three approaches is the way
the geometry of the matrix interlayer is determined. The three different ways of composing a matrix
interlayer are the algorithm by Melro et al. [52], the Darts algorithm composed in this research, at last,
an equivalent film thickness is used.

4.1. Algorithm by Melro

The first approach is the one used by Pierik et al. as described in Section 2.7.4. A generated fiber
distribution from the algorithm by Melro et al. [52] is used to obtain the geometry of a matrix interlayer.
This interlayer is used to predict the peak and steady state behavior during a friction test as described
above. The algorithm uses 50.000 attempts of randomly placing non-overlapping fibers in a rectangle.
However, a relatively high fiber volume fraction (59%) cannot be achieved by this method alone. There-
fore the fibers are stirred in the next step, obtaining a higher local fiber density in specific locations and
thus providing space for extra fibers. This is a highly dynamic step where almost every fiber is trans-
lated slightly in a single iteration, at the same time new fibers are placed in the new free space. For
more details on this process is referred to the original research paper [52].

After the fiber distribution has been generated, the interface of two plies is assumed to be in the
center of a single fiber distribution. The interlayer thickness is assumed to be the transversal distance
in the through-thickness direction between the fibers that are closest to this specific line. An example
of a resulting matrix interlayer is given in Figure 4.1.
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Figure 4.1: Fiber distribution obtained with the algorithm by Melro et al. [52] along with matrix interlayer (vertical distance
between solid lines), deduced with central interface line (dashed line).

4.2. Darts algorithm

In the second approach, developed for this research, two rectangles are pseudo-randomly filled with
circles of prescribed radius until a specific ratio of the total surface is filled with circles. The algorithm is
called the Darts algorithm. The rectangle corresponds to the outlines of a cross-section of a UD com-
posite ply, the circles represent the fibers and the area ratio is the fiber volume fraction. For each newly
placed fiber, a test is conducted to confirm that it does not overlap with fibers placed earlier. Using this
method it is rather difficult to obtain large fiber volume fractions because they are not placed in a more
optimal location to enhance local fiber density. Therefore, after reaching a fiber volume fraction of 0.8
times the desired fiber volume fraction a new mechanism is activated. After every 5000 failed iterations
the algorithm removes a fiber from the total set. Failure is in this case defined as when a newly gen-
erated fiber overlaps with one or more earlier-generated fibers. The fiber that is being removed is the
one that is the furthest away from its closest neighbors but is still within a distance of less than a fiber
diameter from these closest neighbors. The flow chart of the darts algorithm is schematically displayed
in Figure A.6 of Appendix A.

The two generated fiber distributions are then placed on top of each other and translated toward
each other until they intersect. The top outline of the lower fiber distribution is then subtracted from
the bottom outline of the upper fiber distribution to calculate a matrix interlayer thickness. Examples
of generated fiber distributions along with the matrix interlayer thickness are given in Figure 4.2. To
remove the effects from the sides of the fiber distributions, only the central 80% of the width of the
matrix interlayer is used for further calculations.

Thickness
(a»)

XX
Width
(a) Two separately generated fiber distributions (b) Outlines of both generated fiber distributions  (c) Total interlayer thickness neglecting the
placed on top of each other. outlined along the interface. outer ends of the fiber distributions.

Figure 4.2: Generated fiber distributions and calculated matrix interlayer thickness. All three images are scaled to each other.

Calculating a viscous shear stress to resemble the peak shear stress in a friction test is done in the
same way as in the first approach by Pierik et al. [20]. Also, the steady state response is predicted
in the same way. The main difference between the two methods is the way the fiber distributions are
generated. This leads to a geometry for the matrix interlayer that is characteristic of the used method.

4.3. Equivalent film thickness

In the third and final approach, the problem is simplified. The matrix interlayer is assumed to be a film
with uniform film thickness. This equivalent film thickness can then be used to calculate the viscous
shear stress to predict the peak response. When a critical shear stress is imposed for the onset of
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wall slip, a distinct transition will be visible from viscous flow to wall slip because the shear stress is
uniform in the transversal direction. Consequently, this means that the prediction of the steady state
shear stress is equal for every sliding velocity once peak behavior is visible.



Results

The results from the experimental work and the different modeling approaches will be discussed in
this chapter. First, the results from the thermal analysis, the viscosity curves and the results from the
FIC experiments will be presented, along with the raw results from the friction characterization. In
the second part of this chapter, a further analysis of the friction characterization will be given. The
experimental data will be compared to the modeling efforts.

5.1. Thermal analysis

Using DSC, several thermal properties of both the C/LM-PAEK composite and the neat polymer material
have been obtained. First, the glass transition temperature, re-crystallization temperature and melting
range of the composite material have been determined during heating from room temperature to 380
°C, see Figure 5.1. Next, the sample is cooled to room temperature again with a relatively low rate
of 7 °C/min. The same parameters have been determined in a second cycle to exclude any influence
by the original production process. The re-crystallization peak disappears in the second cycle and the
glass transition fades away. The melting peak narrows during the second cycle compared to the first
one and the melting peak temperature shifts two degrees upwards.
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Figure 5.1: Heating of C/LM-PAEK with 20 °C/min. during DSC. Relevant temperatures are indicated. The onset of melting is
280 °C and the endset is 315 °C during cycle 1. The onset of melting is 291 °C and the endset is 312 during cycle 2. Y-axis
represents exothermic flow.

The onset of crystallization with varying cooling rates has been measured for both the composite
material and the neat matrix material, aiming to investigate whether the presence of fibers influences

28
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the onset of crystallization. The results are given in Figure 5.2. It can be seen that the surface below
the peaks is larger for the pure powder specimens (Figure 5.2a) compared to the C/LM-PAEK (Fig-
ure 5.2b). The most striking observation from this experiment is the shift in the onset of crystallization.
Apparently the fibers are influencing the onset temperature. Where the onset temperature for a rate of
7,25 and 60 °C/min. is 274, 261 and 251 °C, in the LM-PAEK powder, it is 258, 244 and 233 °C in the
C/LM-PAEK composite.
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Figure 5.2: DSC curves during cooling with different rates of both neat and carbon fiber reinforced LM-PAEK samples. Cooling
started after an isothermal period of 5 min. at 380 °C. The legend applies to both graphs and the Y-axis represents exothermic
flow.

DSC also has been used as a method to investigate the influence of crystallization during friction
characterization. The temperature profile during the friction test has been mirrored during a DSC test.
See Section 3.2 for more details on the build-up of the specific temperature profiles. The heat flow and
temperature over time for two of these tests can be seen in Figure 5.3 and Figure 5.4. In the figures is
the normalized exothermic flow versus time displayed.
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Figure 5.3: DSC curve of carbon fiber reinforced LM-PAEK together with used temperature profile corresponding to a friction
characterization test at 300 °C. Y-axis represents exothermic flow.

In Figure 5.3, a clear exothermic peak representing crystallization can be distinguished after the
isothermal period at 300 °C. In Figure 5.4, the onset for crystallization is before or during the isothermal
period at 255 °C. These two different DSC tests are part of a broader range of DSC experiments to
investigate the influence of crystallization during experimental friction characterization. The results of
the tests with an isothermal period at 365, 330 and 270 °C can be found in Appendix A. The highest
temperature, where crystallization is seen during the isothermal period, is 270 °C.
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Figure 5.4: DSC curve of carbon fiber reinforced LM-PAEK together with used temperature profile corresponding to a friction
characterization test at 255 °C. Y-axis represents exothermic flow.

5.2. Rheometry

The measured viscosity curves of the neat matrix material for different temperatures are shown in Fig-
ure 5.5. The data has been fitted to the Cross model given in Equation 2.11, which shows to be an
appropriate fit for the obtained data. The curves and the data points, which are averages from experi-
ments in triplicate, are displayed in Figure 5.5 along with error bars corresponding to a 95% confidence
interval. The same neat polymer material has been investigated in a study by Pierik et al. [20]. The
viscosity curve at 365 °C presented in their work corresponds to the curve in Figure 5.5.

108

Viscosity (Pa - s)

102 : :
1072 10° 10?
Shear rate (s71)

Figure 5.5: Viscosity curves obtained with experimental rheological data fitted to Cross model. The error bars represent the
95% confidence interval of 1.96 times the standard deviation in both positive and negative directions. Cross model fitted
parameters are for 300 °C: g = 1811.4 Pa - s, 7* = 176363.0 Pa, n = 0.462. For 315 °C: no = 1247.8 Pa - s, 7* = 186819.8
Pa, n = 0.476. For 330 °C: n9 = 916.6 Pa - s, 7* = 210621.2 Pa, n = 0.456. For 345 °C: n9 = 705.8 Pa - s, 7* = 233579.4
Pa, n = 0.445. For 365 °C: no = 510.9 Pa - s, 7* = 261221.1 Pa, n = 0.421.

Validation of the Cox-Merz rule, as was stated in Section 3.3, has been conducted at 365 °C for
relatively low shear rates. The resulting viscosity shows an overlap with the complex viscosity results
from the oscillatory frequency sweeps. This overlap lasts up to a shear rate of 10 s~', the data starts
to diverge hereafter. The data from both experiments are displayed in a single figure in Figure A.1.

A frequency sweep with 1% strain amplitude was performed at 365 °C with a gap height of 0.9,
0.8 and 0.7 mm. This has been done to validate the gap height between the parallel plates during the
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rheometry measurements and to rule out any influence on the results. The pressed LM-PAEK sample
discs have a thickness of approximately 0.95 mm. From the experiment, it appears that a gap height
of 0.9 mm still gives deviating results but reducing the gap height to 0.7 or 0.8 mm gives two exactly
similar curves. The results of the test are displayed in Figure A.2 for more details.

5.3. Friction characterization

A series of friction characterization experiments has been conducted, aiming to characterize the friction
response at temperatures lower than the typical processing temperature. The exact input parameters
of every experiment can be found in Table B.1. The results presented in this section are averages
of three experiments with identical parameters. The average result from every set of parameters is
presented in Figure 5.6. In this section, the friction characterization results are presented along with
a few general observations. A detailed analysis of the results from the friction characterization will be
given in Section 5.5, along with a comparison to the models discussed in Chapter 4.

The friction characterization results can be displayed in different ways. In Figure 5.6, the results
from each set of experimental parameters are displayed in shear stress versus slip distance graphs.
In general, a higher sliding velocity results in an increase in peak height of a typical friction response,
the peak also becomes sharper. For a relatively low sliding velocity, the opposite occurs as the peak
reduces in height, increases in width and sometimes even disappears. These two observations regard-
ing the friction curve were also discussed in Section 2.5.2. However, the changes in the peak behavior
were there caused by an altered sliding velocity and a constant temperature. In the current research
also the temperature is varied, which apparently leads to a similar effect. When changing both param-
eters at the same time, this effect is even greater.

When maintaining sliding velocity and reducing the temperature, a plateau value for the steady state
shear stress is visible in Figure 5.6. Where the peak shear stress severely increases, the steady state
shear stress barely changes.
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Figure 5.6: Results from ply-ply friction characterization with varying sliding velocity and temperature. Fiber orientation is kept
constant with an orientation of (0°/0°/0°), and the normal pressure has been kept constant at 15 kPa. Each curve is an average
of three separate measurements with different samples. Error bars represent the standard deviation of the three
measurements at the peak along with 4 and 7 mm of slipping distance in the curve at 330 °C.

5.4. Flow-induced crystallization
A significantly higher residual stress is measured after stopping the friction characterization measure-
ment at 300 and 315 °C (for more details, see Figure A.7). This effect is the largest for a sliding velocity
of 10 mm/min. at a temperature of 300 °C. Clear stress relaxation is visible for higher temperatures
where the stress approaches zero after the friction measurement has been stopped. This was not the
case for lower temperatures where a residual stress remained.
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The results from the FIC experiments described in Section 3.5 are given in Figure 5.7. The most
striking observation is that the baseline measurement, where the sample has not been sheared with a
constant rate before the oscillatory time sweep, also shows a significant increase in storage modulus
after a certain time period. For the samples that are sheared, the phase shift angle does indeed de-
crease more quickly. However, this effect does not grow with a higher shear rate. For a shear rate of
70 s~ no significant difference with the baseline measurement is seen.
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Figure 5.7: The oscillatory time sweep at 300 °C, with strain amplitude of 0.5% and angular frequency of 5 rad/s, after the
samples have been subjected to a different shear rate for a duration of 250 s.

5.5. Friction characterization analysis

As stated before, a more detailed analysis of the friction characterization results will be given in this
section. A straightforward approach is by identifying each friction curve into a peak response and a
steady state response. The first one can be retrieved from the data by taking the maximum shear stress
value. The latter one has to be determined by using a prescribed condition since a fully horizontal curve
is not always achieved after a slipping distance of 10 mm. Therefore, a function of the form displayed
in Equation 5.1 has been fitted to the data between 3.5 and 9 mm of slipping distance. This function
has been chosen based on the fact that the mean squared error is relatively low and that exponential
behaviour is physically possible in this specific situation. The point where a steady state has been
achieved is set to be at the point where the derivative of this function fit is equal to -0.5 kPa/mm.

fz)=a-2"+¢ (5.1)

Because this method is a form of extrapolation, its accuracy has to be validated. Therefore it has
been tested for the curves where a clear horizontal part is already visible in Figure 5.6. The same
function fit is applied on these curves but now only with the data between 3.5 and 5 mm. This fit is
extrapolated and the shear stress at the point where the slope is equal to -0.5 kPa/mm is compared
to this same point in the actual curve. For the tested curves, this leads to an error in the extrapolation
method of 2%.

With the peak and steady state shear stress quantified for each sliding velocity and temperature,
the data can be displayed in a single plot such as in Figure 5.8.

In Figure 5.8 one can see the peak and steady state shear stress from every friction curve displayed
as a point in a graph. For the peak shear stress, a gradual increase with sliding velocity is visible for
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Figure 5.8: Peak and steady state shear stress response for Figure 5.9: Ratio of peak shear stress response versus steady
each of the friction characterization experiments displayed on a state with varying velocity and temperature. To aid the reader
logarithmic scale. The filled symbols represent the peak in distinguishing the overall trend, the scatter points at 330 °C
response and the open symbols represent the steady state are connected by a dashed line.
response.

every temperature. The deviating behavior at 300 °C is more pronounced in the complete graphs in
Figure 5.6. It can be seen here, that the peaks are rather bumpy even though it is an average of three
measurements. Besides this, the friction curve at 300 °C and 25 mm/min. has a relatively high error.

There are two important observation from Figure 5.8. The first one is that the peak and steady
state responses are similar at low sliding velocities and high temperatures. But with increasing sliding
velocity they diverge, the onset of this divergence is earlier for lower temperatures. This is further em-
phasized in Figure 5.9. With this graph is shown that the minimum required sliding velocity to obtain
significant peak behavior reduces for lower temperatures. To aid in distinguishing this trend, one of
the data sets has also been displayed using a dashed line. The ratio appears to increase with increas-
ing sliding velocity but also with decreasing temperature, suggesting an inverse relationship between
temperature and sliding velocity. The second important observation in Figure 5.8, is the almost linear
increase of the peak with sliding velocity where the curve seems to shift upwards with each temperature.

Another phenomenon is visible from the curves in Figure 5.6. It appears that the transition from peak
to steady state is a faster process for lower temperatures with the same sliding velocity. This effect is
even more clear when the shear stress is plotted against time as is displayed in Figure A.7. For curves
at high temperatures, the transition is smooth, gradual and slow. When reducing temperature, this pro-
cess is accelerated while at the same time the peak increases in height, e.g. the peak becomes sharper.

Measuring the average slope of the curve during the transition makes it possible to quantify the
speed of the peak-to-steady-state transition. The difference in shear stress between the peak and the
point, where the second derivative is at a maximum, is taken. This difference is divided by the time be-
tween the peak and this so-called turning point. This calculation can also be regarded as a calculation
of the average drop of the curve in this specific section. When plotting the average drop versus sliding
velocity and temperature, the influence of these two parameters becomes clearer, see Figure 5.10.
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steady state behavior.

All the scatter points for each temperature are located on a line. So, on a logarithmic scale, a simple
linear function can be fitted to the data. The fits are displayed in Figure 5.11, and a shift with decreas-
ing temperature is visible. This behavior has a high resemblance with rheological data of thermoplastic
polymers. If the sliding velocity is regarded as a duration parameter, TTS can be applied to the data to
generate a master curve at a reference temperature.
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Figure 5.11: Average drop in the friction curves between peak and turning point along with fitted lines. R? of fits are 0.98, 0.99,
0.99, 0.995 and 0.999 for the temperatures 300, 315, 330, 345 and 365 °C.

Sections of the lines displayed in Figure 5.11 are shifted to generate a master curve at a reference
temperature of 345 °C. The obtained master curve is displayed in Figure 5.12a. The shift factor (at)
used for each temperature to obtain the master curve is plotted in Figure 5.12b along with an Arrhenius
fit to the five data points, see Equation 5.2 [37, 39].
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R represents the universal gas constant and F is a fitting parameter representing the activation
energy. The fit appears to overlap with most of the data points, but the measurements at 300 °C seem
to deviate from the trend. The TTS principle to generate a master curve makes it possible to predict the
average drop of curves at temperatures for which no measurements have been conducted yet. The
value of this will be further explained in Chapter 6.
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Figure 5.12: Mastercurve at a reference temperature of 345 °C along with the corresponding shift factor for each temperature.

5.6. Model comparison

As was discussed in Chapter 4, three different approaches to predict the peak and steady state shear
stress response have been compared. The results of this comparison to experimental data will be pre-
sented in this section.

In Figure 5.13, the results from the prediction by using an equivalent matrix interlayer thickness at
the ply-ply interface of 2.5 ym are displayed. A thickness of 2.5 ym has been obtained by means of
trial and error to obtain the best fit for the experimental results. An equivalent matrix interlayer thick-
ness of 2.5 ym also has been used in other research [21]. There are no error bars displayed since
the prediction is not an average of multiple interlayer distributions but only one simple uniform matrix
interlayer thickness has been used. Even though this is a blunt simplification of the problem, the peak
shear stress is still predicted quite accurately. This accuracy reduces for higher sliding velocities which
is also visible in the other models. The most important note is the section where the steady state pre-
diction suddenly reaches the plateau value of 55 kPa which is the critical shear stress for the onset of
wall slip in the model.

A more accurate prediction is achieved with the model used by Pierik et al. [20] where the algorithm
by Melro et al. [52] is utilized to generate fiber distributions. The results from this model for both 330
and 365 °C are displayed in Figure 5.14. Error bars are displayed which represent the 95% confidence
interval of 1.96 times the standard deviation in both positive and negative directions. This error origi-
nates from the fact that 10 different fiber distributions are used to obtain the average shear stress for
each sliding velocity. The results for the temperatures 300, 315 and 345 can be found in Figure A.8.
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Figure 5.13: Results from the prediction of peak and steady state shear stress by using an equivalent film thickness of 2.5 ym
at both 365 and 330 °C.
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Figure 5.14: Results from the prediction of peak and steady state shear stress at both 365 and 330 °C by using 10 fiber
distributions generated with the algorithm by Melro et al. [52].

The model results displayed in Figure 5.14 appear to be closer to the experimental data at both
temperatures. As the model is composed and tested at typical processing temperatures by Pierik et
al. [20], it is striking that it still yields a high accuracy at 330 °C. A slight overprediction is visible for
relatively high sliding velocities.

The results from the Darts algorithm, developed in this research, are displayed in Figure 5.15. The
results for the temperatures 300, 315 and 345 °C can be found in Figure A.9. Similar accuracy can be
seen compared to the results from the model by Pierik et al. [20]. However, one important difference
in the results from the Darts model is that even for very low sliding velocities, the peak shear stress
prediction is still significantly higher than the steady state stress prediction. In fact, the curve for the
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predicted peak shear stress and the curve for the predicted steady state shear stress appear to become
parallel for relatively low sliding velocities.
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Figure 5.15: Results from the prediction of peak and steady state shear stress at both 365 and 330 °C by using 10 fiber
distributions generated with the Darts algorithm.



Discussion

The goal of this study has been to obtain a better understanding of the friction behavior of UD fiber-
reinforced thermoplastics, with a specific focus on the influence of temperature. In this chapter, the
gained insights will be emphasized and their value will be discussed. Besides this, also the boundary
conditions and the general robustness of the research will be analyzed.

6.1. Value and impact

The value of the research will be outlined in this section. It will be explained per subject how this re-
search can contribute to obtaining a better understanding of the friction behavior of UD fiber-reinforced
thermoplastics. The most important conclusions originating from these findings are listed in Chapter 7.

6.1.1. Thermal analysis

In this research, DSC has been used to obtain the thermal properties of the used materials. Two dif-
ferent temperature cycles are presented in Figure 5.1. In the second cycle, the glass transition and
re-crystallization peak have disappeared, this means that the thermal history is successfully erased dur-
ing the first cycle. From the results of the cooling experiments given in Figure 5.2, it can be seen that
pure polymer powder samples release more energy during cooling. This is visible by the enlargement
of the surface below the crystallization peaks, which indicates a larger crystallization enthalpy. This
phenomenon can be explained by the fibers (59% in volume) in the composite samples which are not
experiencing any transition. A lower onset temperature for crystallization in the C/LM-PAEK compared
to the neat LM-PAEK, regardless of the cooling rate, is also visible in Figure 5.2. So, besides the regular
shift in crystallization onset temperature when varying a cooling rate [45], the fibers have a negative
effect on the crystallization nucleation which results in a lower crystallization onset temperature.

From Figure 5.3 and Figure 5.4, it becomes clear that a certain amount of under-cooling is neces-
sary for crystallization to play a role during a friction characterization experiment (dotted part of the DSC
curve). When assuming no shear flow of the matrix material, and using a cooling rate corresponding to
the used friction characterization setup, crystallization should not interfere with friction characterization
experiments at 300 °C and higher. This can be concluded from the fact that in these DSC tests, the
onset of crystallization has been after the isothermal period. But it must be emphasized that the DSC
results are fully stationary and there is no shear flow in these samples at all.

The findings explained in this subsection are important when one is looking into the active mecha-
nisms during friction characterization experiments. This information is valuable in excluding the possi-
bility of isothermal crystallization during the experiments. Even though shear flow deformation of the
matrix material is experienced during friction characterization, it is important to confirm that crystalliza-
tion has not started already before the measurement.
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6.1.2. Rheometry

The results from the experiment to validate the Cox-Merz rule can be found in Figure A.1. As indicated
in Section 5.2, the data is diverging for shear rates higher than 10 s=*1. This can be caused by slight
axial misalignment of the shafts in the used setup or by increased normal stress during testing. How-
ever, most likely is a change in sample geometry near the outer edges of the parallel plates [55]. The
diverging effect is also seen in other studies. Nazari et al. [56] attributed this effect to the start of FIC
in a viscosity test with PEEK. They stated that a shear rate with an order of magnitude 10 s~ is high
enough to obtain FIC. This effect can influence the obtained viscosity during a steady state frequency
sweep. However, they performed the frequency sweep at a temperature closer to the melting point of
the material compared to the current experiment.

From the validation of the gap height between the two parallel plates during rheological testing (Fig-
ure A.2), it has become clear that results are univocal with a gap height below 0.9 mm. This is the
desired effect and it confirms that a standard gap height of 0.8 mm, as is used in this research, is an
appropriate choice. The deviation at 0.9 mm may be caused by wall slip between one or two of the
aluminum parallel plates and the polymer sample during the measurement [57]. Another explanation is
a nonuniform distribution of polymer melt when the plates are 0.9 mm apart since the original pressed
discs are only 0.95 mm in thickness.

Using both of these experimental validations and comparing the obtained results to the data pro-
vided by the manufacturer, Toray Advanced Composites [27], it can be concluded that the results are
reliable. The value of these results lies in the fact that the viscosity can be used for further steps in the
research. An example of this is using the viscosity data as input for the models given in Chapter 4.

6.1.3. Friction characterization

The goal of the experimental friction characterization has been to gain an understanding of the behav-
ior at lower temperatures. The results given in Figure 5.6 provide more insight with friction curves for
multiple sliding velocities at five different temperatures. At the same time, the scattering in the results
at 300 °C is relatively high, which downgrades the value for the results at 300 °C. In this research, the
increase in scattering at lower temperatures has always been seen together with increased residual
stress after the measurement. It was therefore attributed to FIC, however, the behavior may have more
than a single cause. The value and knowledge obtained by this is that friction characterization is not
as straightforward at temperatures around the melting point, compared to temperatures at a typical
processing temperature. Different mechanisms become active at lower temperatures, which means
that the used setup is no longer measuring the same phenomena throughout the entire temperature
range. This finding is something to take into account when designing new experimental plans or a new
friction characterization setup.

One of the observations made in Section 5.3 is the plateau achieved for the steady state shear
stress when reducing temperature while maintaining the sliding velocity. The same effect can be seen
when increasing the sliding velocity but maintaining the temperature. A similar effect is observed in the
literature [21]. In the specific study, the temperature has been higher but the results from the current
research can confirm the behavior for relatively low temperatures.

Peak towards steady state transition

A relation with respect to velocity and temperature has been found for the average slope during the
peak-to-steady-state transition in the friction curves. This relation is explained in detail in Section 5.5.
The fact that the transition is faster for lower temperatures can be explained by the chain mobility of the
polymer and wall slip. Wall slip is initiated after locally achieving the critical shear stress for the onset of
wall slip [51]. This leads to a stationary boundary layer of polymer chains attached to the wall, while the
polymer chains in the bulk are moving past this layer [51]. At higher temperatures, the polymer chains
are generally more mobile and flexible [37, 39]. This leads to re-entanglement of the boundary layer
and bulk polymer chains until the entangled chains are again fully relaxed and wall slip is initiated again.
This causes a local stick-slip situation [51]. This is in line with the time-temperature-superposition prin-
ciple. For higher temperatures, the chains are mobile enough to conform and adhere to the boundary
layer and while doing so, increase the time of the peak-to-steady-state transition. For low temperatures
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the chains are rather stiff and less mobile, preventing the re-entanglement with the bulk. This leads to
a transition from viscous peak shear stress to the steady state wall slip that is much more abrupt as the
polymer dynamics are inadequate to accommodate for the applied rapid shear deformation.

With the model by Pierik et al. [20], the height of the peak and the steady state shear stress re-
sponse can be predicted accurately up to a certain sliding velocity. Also with the Darts algorithm, to
generate fiber distributions, along with the method by Pierik et al., an accurate prediction of the peak
and steady state response can be achieved. This knowledge can be combined with the ability to obtain
an average slope during the peak-to-steady-state transition using the TTS principle (Figure 5.12a and
Figure 5.12b). Using the peak shear stress, the steady state shear stress and the average slope, one
can predict the time it takes to transition from the peak to the steady state. This can be of great value
in forming simulation software. Not only a specific COF could be used for the peak and steady state
behavior, besides this, a transition time dependent on temperature and sliding velocity can be used as
an input parameter. After this duration, or transition time, the switch between peak and steady state
friction should be made. This leads to a more dynamic and realistic approach to predicting the friction
between plies during forming, which can lead to a higher predictive quality of the forming simulations.

6.1.4. Flow-induced crystallization during friction characterization

An important observation in the friction characterization results is the residual stress after the measure-
ment. In the research by Pierik et al. [20, 21, 31], this residual stress has been subtracted from the
peak and steady state friction response. This stress was attributed to the nature of the composite ma-
terial in combination with the test method. It is assumed to be constant throughout testing and it would
be caused by dry fiber contacts in the matrix polymer melt. This has been validated by Murtagh et al.
[58].

However, in the current research is decided not to subtract this residual stress from the peak and
steady state response. This choice has been made because the residual stress increased significantly
when lowering the characterization temperature. This leads to the impression that the residual stress
no longer consists of dry fiber contacts only, but also a contribution by local crystallization is adding to
this residual stress. The increase in residual stress indicates FIC since the material must have solidi-
fied to some extent otherwise the stress would relax toward zero after the measurement. On locations
where the local shear rate is high enough, FIC could occur in the neat matrix material. If this is the case,
this particular stress contribution can no longer be assumed constant throughout the test, making it in-
correct to subtract the residual stress from the peak and steady state shear stress. At the temperatures
where the residual stress increased significantly, the friction curves are observed to be bumpy rather
than smooth curves. This behavior is not visible in the friction curves at elevated temperatures with
high sliding velocity, which is another indication that a mechanism becomes active at low temperatures,
that is not present during friction characterization at high temperatures.

When looking at the results of the FIC experiments given in Figure 5.7, the observation can be
made that the measured phase shift angle of the baseline measurement also decreases with time.
This contradicts the DSC test where no crystallization has been seen during an isothermal period of
six hours at 300 °C. Besides this, the phase shift angle does indeed decline faster after imposing
shear rates to the sample, but no clear relation with the magnitude of this shear rate can be seen. This
suggests that the used experimental method may have been unsuitable. But even though FIC has not
been proved in an experimental setting, this does not mean that it is impossible to occur during friction
characterization. As was explained in Chapter 4, a matrix interlayer is present between the two plies
slipping across each other. The thickness of this matrix interlayer can be very low in specific locations.
This implies that the shear rate is locally much higher than the average shear rate. This is also much
higher than the maximum shear rate possible in the rheometer setup used for the FIC experiments.
Such a high shear rate leads to a significant increase in the specific work by shear flow. According
to Equation 2.3, the total specific work is proportional to the shear rate squared. Consequently, it is
possible that local FIC occurs during friction characterization as it can be directly linked to the applied
specific work [46, 47, 48, 56]. Further research is required to investigate the phenomenon of FIC in
thermoplastic composites. A few recommendations for this are given in Section 7.1.
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6.1.5. Modeling
Three different modeling approaches have been presented together with the experimental results in
Section 5.6. The main observations, their causes and their consequences will be discussed here.

The friction behavior prediction obtained with the equivalent film thickness (Figure 5.13) does not
represent a realistic situation as can be seen by the overprediction of the steady state shear stress
at relatively low sliding velocities. Besides this, the clear kink in the curve for the steady state shear
stress does not represent the gradual transition from the peak towards steady state shear stress visible
in the friction curves displayed in Figure 5.6. This kink is caused by the nature of the model. Because a
uniform matrix interlayer thickness has been used, the average shear stress is equal in the entire width
direction of the ply-ply slip interface. This means that with increasing the sliding velocity, the critical
shear stress for the onset of wall slip is achieved abruptly across the entire width of the interface. This
leads to an instantaneous transition from no wall slip to full wall slip at the corresponding critical shear
stress of 55 kPa. It is therefore not wise to use this model to predict the steady state shear stress
response. It does however give a proper indication of the peak shear stress obtained during friction
characterization and the approach can support in reducing computation time due to its simplicity.

In the model by Pierik et al. [20], the prediction of the peak shear stress is fully based on viscous
shear stress in the matrix interlayer. This can be the cause for the overprediction of the peak shear
stress visible at high sliding velocities in Figure 5.14. Likely, wall slip is already occurring to a small
degree at high velocities during the peak behavior. This would cause a slight decrease in peak shear
stress in the experimental results, which would explain the overprediction at high velocities. Compared
to the prediction by using an equivalent film thickness, the steady state shear stress does not have a
kink in the curve but a smooth increase towards the critical shear stress plateau. This is a more repre-
sentative transition when looking at the experimentally obtained friction curves displayed in Figure 5.6.

The accuracy of the prediction is approximately equal when using fiber distributions generated by
the algorithm of Melro et al. [52] or by the Darts algorithm. However, the error bars visible in Fig-
ure 5.14 and Figure 5.15 are different in size. This is caused by higher deviations between individual
fiber distributions generated with the Darts algorithm. This leads to higher scattering of the shear stress
prediction as this is an average of the outcome from 10 different fiber distributions.

Another difference between the results of the two different models is the difference in predicted
peak and steady state shear stress at relatively low velocities. In Figure 5.14, the peak and steady
state shear stress converge for relatively low sliding velocities while the curves remain parallel to each
otherin Figure 5.15. The latter is not in line with the experimental results at relatively high temperatures
where there is no distinctive peak behavior for low sliding velocities. However, at low temperatures, this
peak behavior does occur at low velocities, as can be seen in Figure 5.6. So in particular for lower tem-
peratures, the Darts algorithm might provide more accurate results at low sliding velocities.

Also at higher sliding velocities, the Darts algorithm appears to outperform the other two models. A
more extensive study with different materials and even lower sliding velocities is needed to verify this
observation. If the model outcome turns out to be valid for other materials indeed, the Darts algorithm
could be of great value in the prediction of the peak or steady state shear stress at low temperatures.
Hence the predictive model by Pierik et al. could be applied in forming simulation software for a broader
temperature range.

The predictive models by using Melro distributions or the Darts algorithm both underpredict the peak
shear stress for low sliding velocities at 300 °C (see Figure A.8 and Figure A.9). The prediction of the
peak shear stress is fully based on viscous shear stress. The fact that the models underpredict the
actual peak shear stress at such a low temperature, indicates that an extra mechanism is active at low
temperatures that increases the measured shear stress. This could be the earlier discussed FIC. If
the polymer starts to solidify on a local scale because of enhanced crystallization kinetics, this could
increase the measured shear stress during friction characterization and it would explain the underpre-
diction by both of the models. However, this is not in line with the correct prediction of the peak at higher
sliding velocities. According to Equation 2.3, the specific work is increased for higher shear rates [46,
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47, 48, 56]. This would mean that FIC would become more dominant at higher shear rates, and thus
one would expect an even bigger deviation rather than a higher resemblance.

6.2. Robustness of the research

In this section, the general robustness of the research will be discussed. Issues will be treated sepa-
rately and their influence on the results will be explained.

6.2.1. Degradation

When heating thermoplastic polymers to a temperature significantly higher than their melting tempera-
ture, there is a risk of (thermal) degradation [59, 60]. To prevent this during the rheological experiments,
the rheometer furnace is continuously flushed with nitrogen gas. For the used temperatures, this should
be sufficient. This method has proved itself by repeated frequency sweeps with the same sample. The
obtained complex viscosity proved constant, indicating that degradation is not an issue for the specific
time frame.

A precaution like atmosphere control has not been present in the friction characterization setup. This
would be a problem for experiments with a relatively long duration. In general, a sample in the friction
characterization setup is at an elevated temperature for a duration of 5 to 15 minutes. Samples char-
acterized at different temperatures are first heated to 365 °C and then cooled to the characterization
temperature. Leading to different durations at high temperatures. After all, the cooling rate in the used
setup is only 7 °C/min. According to literature, the duration of exposure to air and high temperature
on the scale of the friction characterization experiments, only leads to negligible thermal degradation
[59, 61]. Although, it must be stated that referred papers have described the thermal degradation of
PEEK rather than LM-PAEK. It is assumed that the effects are similar, after scaling temperatures to the
specific melting temperatures.

6.2.2. Viscosity curves

Continuous curves are obtained from the viscosity data by using a Cross model fit [37]. However,
when applying a rheological model and calculating the viscosity at relatively high shear rates, one is
extrapolating the data. It would be a better method to use a capillary rheometer as this setup is more
suitable to obtain rheological material properties at relatively high shear rates. In other research, it
appears that the data from a capillary rheometer does in fact overlap with the Cross model extrapolation
data for this specific material [36].

6.2.3. Model comparison

In Figure 5.5, the obtained viscosity curves have a certain error margin. This error originates from the
fact that the curves are averages of three individual data points from separate experiments. This error
has not been taken into account when constructing the error bars in the results of the models given in
Figure 5.14 and Figure 5.15. The reason for this is that the error of the models needs to be compared
as well. When the error by viscosity would be included, comparing the error induced by the model itself
would become more complex.

6.2.4. Time-temperature-superposition principle applied to ply-ply friction

The method of constructing a master curve at a reference temperature using the TTS principle has been
used in this research to predict the slope of the friction curves during the peak-to-steady-state transi-
tion. The application of this method makes it possible to predict the duration of the peak-to-steady-state
transition with respect to sliding velocity and temperature. This approach has not been used before in
the field of ply-ply friction in composites. It would therefore be wise to validate this method with other
combinations of fiber and thermoplastic matrix material. If the method also proves valid for other mate-
rials, it can be of value in the prediction of the friction response and thus in forming simulations of hot
press forming of UD thermoplastic composite laminates.

From Figure 5.12b it becomes clear that the Arrhenius fit to the shift factor (at) is acceptable but the
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data point at 300 °C (% K~ is deviating. 300 °C is below the melting point of the thermoplastic matrix
material. The deviation is likely caused by local FIC in the material as was explained in Section 6.1.
If the material is crystallized locally, preventing the flow of matrix material, the TTS principle could
possibly still be applied but the Arrhenius fit parameters obtained at higher temperatures will not be
applicable anymore. This method is based on the time-dependent behavior of rheological properties
but these properties undergo a severe transition when the material crystallizes, leading to an error in
the Arrhenius fit for the shift factor.



Conclusion

After the literature review study, several gaps have been identified. Knowledge about the friction behav-
ior of UD thermoplastic composites at significantly lower temperatures than the processing tempera-
tures is lacking. Also, the influence on the friction behavior by the temperature effects in the neat matrix
material is unknown. Crystallization, either natural or induced by flow, has not yet been investigated
in combination with ply-ply friction. Modeling efforts from earlier research have not yet been compared
and used at lower temperatures. According to the performed research outlined in this report, several
conclusions can be formulated:

» The typical friction response consists of a shear stress overshoot during start-up, gradually reduc-
ing towards a steady state shear stress response. At typical processing temperatures, specific
behavior corresponding to a certain sliding velocity is seen. It is observed that this behavior shifts
to lower velocities when the temperature is lowered. This is most obvious when looking at the
ratio of the peak shear stress versus the steady state shear stress for different temperatures and
velocities. But this shift is also visible in the slope of the friction curves during the transition of
peak shear stress towards steady state shear stress.

* Clear indications of FIC have been found during friction characterization at temperatures around

and below the melting point of the thermoplastic matrix material. Attempts to prove the presence

of FIC in the material have not led to plain results. Further research is required to investigate FIC
during ply-ply slip of UD thermoplastic composites. Isothermal crystallization during experimental
friction characterization, regardless of shear flow, has been excluded in the research.

The modeling efforts by Pierik et al. have been compared to the obtained experimental results.

A slight overprediction of the peak shear stress observed at typical processing temperatures was

reduced when decreasing the temperature. The scattering of the modeling results remained ap-

proximately the same. A new algorithm to generate fiber distributions has been developed, it has

proved more accurate at lower temperatures compared to two models from literature. However, a

larger scatter in modeling results is observed with the new algorithm. In order to confirm its validity

at lower temperatures, a more extensive study with multiple materials has to be conducted.

A novel method, using existing predictive models and the TTS principle, has been found to predict

the duration of the transition of the peak towards steady state shear stress in the friction response.

This can be applied in a continuous range of sliding velocities and temperatures. If validated with

other materials, this method can be of high value in improving the accuracy of hot press forming

simulations of UD thermoplastic laminates.
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7.1. Recommendations

Several recommendations can be given regarding future research in the field of ply-ply friction in ther-
moplastic UD composites. The most important one is the investigation of different materials. Where
LM-PAEK or other members of the PAEK family of thermoplastics have a great future perspective re-
garding application in the aerospace industry for numerous reasons [62]. It is important to validate
observations and statements with other thermoplastic matrix materials by performing experiments and
comparing the behavior and the modeling accuracy.

Another recommendation for future research is to investigate the influence of fiber angle at lower
temperatures. In the currently used friction characterization setup it has not been possible to orientate
the plies different from an angle of 0 degrees. However, the influence of fiber angle can be different
at lower temperatures compared to higher temperatures. With a more viscous matrix material, it is
expected that fibers can move less freely in the material possibly causing different friction behavior.

As was explained in the results using Figure 5.15, the Darts algorithm combined with the approach
by Pierik et al.[20] seems to predict a distinctive peak at very low velocities at low temperatures. This
peak behavior is in line with other results, but with extra experiments at lower velocities, it can be ex-
perimentally validated whether this is true. At one point, the peak behavior will also disappear at low
temperatures but from the current research it is not known at which sliding velocity this will happen.

The currently used method to show FIC by monitoring the evolution of the phase shift angle and
storage modulus after a period of constant shear has not proved successful. In literature, a different
method is proposed. Wide angle X-ray diffraction (WA-XRD) can be used to prove a specific orientation
of the formed crystals during cooling [63, 64]. If they are all oriented in the same direction, this is a clear
indication that they are formed after the alignment of the polymer chains has taken place. An approach
to use WA-XRD to show longitudinally oriented structures in the friction characterization samples can
be compiled in future research. If this proves successful, it might also be applicable to actual parts
produced with hot press forming.

Cross sections have been studied with scanning electron microscopy (SEM) in this research, in an
attempt to show that the polymer has obtained a different structure at the slip interface during friction
characterization at 300 °C. Before the samples are loaded in the SEM, the surface has been etched
using the method by Olley et al. [65]. However, the used method did not give satisfactory results
because the structure of the formed crystals was not visible at all. In future research, different etching
methods in combination with SEM could be used to image the structure on the slip surfaces of friction
characterization samples. This could lead to more insights regarding FIC during experimental friction
characterization.
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Auxiliary figures
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Figure A.1: Cross model fit of complex viscosity data (average of triplicate) and steady shear viscosity data (average of
duplicate), at a temperature of 365 °C, together in a single figure.
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Figure A.2: Influence of gap height between the two parallel plates in a frequency sweep ranging from 0.1 to 500 rad/s with 1%
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strain. No influence is visible for a gap height of 0.7 and 0.8 mm as the curves overlap each other perfectly.
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Figure A.3: DSC curve of carbon fiber reinforced LM-PAEK together with used temperature profile corresponding to a friction
characterization test at 365 °C. Y-axis represents exothermic flow.
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Figure A.4: DSC curve of carbon fiber reinforced LM-PAEK together with used temperature profile corresponding to a friction
characterization test at 330 °C. Y-axis represents exothermic flow.
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Figure A.5: DSC curve of carbon fiber reinforced LM-PAEK together with used temperature profile corresponding to a friction
characterization test at 270 °C. Y-axis represents exothermic flow.
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Figure A.7: Results from ply-ply friction characterization versus time with varying sliding velocity and temperature. Fiber
orientation is kept constant with an orientation of (0/0/0), the normal pressure has been kept constant at 15 kPa. Each curve is
an average of 3 separate measurements with different samples.
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Figure A.8: Results from prediction of peak and steady state shear stress at 345, 315 and 345 °C by using 10 fiber
distributions generated with the algorithm by Melro et al. [52].
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Figure A.9: Results from prediction of peak and steady state shear stress at 345, 315 and 300 °C by using 10 fiber
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Auxiliary tables

Table B.1: Experimental parameters of ply-ply friction characterization. Each set of parameters is utilized three times to obtain
a set of data in triplicate that can be averaged to enhance the accuracy of the results.

Temperature
(°C)

Sliding velocity
(mm/min.)

Normal pressure
(kPa)

Fiber orientation
(O/O/O)

365

125
75
40
25
10

15

(0/0/0)

345

125
75
40
25
10

15

(0/0/0)

330

125
75
40
25
10

15

(0/0/0)

315

75
40
25
10

15

(0/0/0)

300

40
25
10

15

(0/0/0)
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