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Abstract

Polyetheretherketone (PEEK)-based polymer fibres have attracted much interest due to their many
outstanding properties. Along with one of the highest use temperatures among thermoplastics, PEEK
also has excellent mechanical properties and chemical resistance. Because of these properties, PEEK
and PEEK fibres are often used in demanding conditions. In this dissertation, PEEK-based polymer
fibres were pushed to the limit in four different situations: melt spinning of fine filaments,
photoageing, maximum recommended use temperature, and contaminants. To fight contaminants,
PEEK was modified via a sulfonation reaction into sulfonated polyetheretherketone (SPEEK) and then
melt compounded with polypropylene (PP) to produce antimicrobial and self-cleaning properties. The
goal of this dissertation was not only to measure changes in the properties but also to improve the
properties.

The general spinnability of PEEK was good with viscosity control deemed crucial to improving that
spinnability. In addition to a long and large die and a short spinning path, a low viscosity PEEK grade
and a high processing temperature are recommended. Tests provided new information on the
guantitative effects of processing parameters on the smallest spinnable fibre diameter. The smallest
obtained fibres had an average diameter of 18 um and a mechanical strength of approximately 280
MPa.

Photodegradation was one of the main weaknesses of PEEK fibres. Ageing PEEK for up to 1056 h in a
UV chamber degraded the fibres rapidly from elastic to brittle. Thermal ageing, for up to 128 d at 250
°C, produced effects similar to those of photoageing, including embrittlement, but also some different
effects. In both cases, ageing caused crosslinking, which was verified by rheological measurements.
Changes in the carbonyl group absorption band, measured by Fourier transform infrared spectroscopy
(FTIR), were significantly bigger in photodegradation than in thermal degradation. Differential
scanning calorimetry (DSC) turned out to be a poor method to detect ageing in photodegradation, but
in thermal degradation it revealed a decrease in the melting temperature and an increase in the glass
transition temperature. In both cases, decreased thermal stability was verified by thermogravimetric
analysis (TGA).

A SPEEK/PP blend was successfully produced in various compositions. Compounding produced an
immiscible polymer blend, in which approximately 1-um SPEEK particles were homogenously
dispersed in the PP matrix. According to electron paramagnetic resonance (EPR) measurements, this
blend formed stable radicals with their number correlating with the SPEEK concentration. The thermal
properties of SPEEK were inferior to those of PEEK, a reason that made the melt spinning of SPEEK/PP
blend challenging. At 200 °C, stable melt spinning process was achieved and good quality yarns were
produced. The mechanical tenacity of SPEEK/PP 5:95 yarns was approximately 20% lower than that of
otherwise similar PP yarns.
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1. Introduction

A fundamental goal in material development is to be able to use materials in more and more
demanding conditions. Such conditions may pose a risk not only to the material but also to its users.
However, risks can be minimized by thoroughly characterizing the material as well as by developing
them further. Such development may comprise fine-tuning of the processing parameters or
compounding with other materials. In this thesis, polyetheretherketone (PEEK)-based polymer fibres
were pushed to the limit in multiple ways and then characterized thoroughly.

PEEK is a semicrystalline thermoplastic, often used in applications too extreme for conventional
thermoplastics. PEEK has excellent mechanical and thermal properties and chemical resistance [1, 2].
Of easily spinnable polymer and typically manufactured by melt spinning, PEEK fibres are currently
used in many high-technology applications from tennis racket strings to protective clothing [2, 3]. The
fibres differ from bulk material not only in dimensions but also in morphology. In fibres, polymer
chains are aligned in the same direction as a result of fibre drawing, which also increases crystallinity
and improves mechanical properties. Decreased fibre size increases the surface area to volume ratio,
high value being desirable in many applications, including fibre reinforcement and photocatalysis.
However, reduced fibre size has its drawback in that despite the best precautions, yarn breaks tend
to proliferate [4].

PEEK is often exposed to degrading conditions. Various types of degradation such as thermal,
mechanical, ultrasonic, hydrolytic, chemical, biological, and radiation can damage materials. Among
these, thermal degradation and radiation, often caused by exposure to sunlight, are the most
important for polymers. Degradation causes changes in the physical and chemical properties of
polymers, typically, decreased molecular weight and mechanical properties, loss of gloss, surface
erosion, and changes in chemical structure. [5] The most striking characteristics of ageing PEEK are
crosslinking and embrittlement by photo-irradiation [6] and an initial improvement in mechanical
properties in the early stages of thermal exposure [7, 8, 9]. However, despite the wealth of literature
available on polymer degradation, many problems remain unsolved because results are contradictory
and difficult to compare owing to differences in samples, and because many theoretical mechanisms
have not been proved experimentally [10].

The repeating unit of PEEK contains benzophenone (BP) as a part of its structure. BP is commonly used
as a photosensitizer in photochemistry to provide functionality, for example, antimicrobial and self-
cleaning properties, to materials [11, 12, 13]. Harnessing the power of BP in PEEK would be greatly
beneficial, and this approach could challenge titanium dioxide (TiO;), the current standard in the
market, because, unlike TiO,, this fully polymeric approach would contain no potentially harmful
nanoparticles. Unfortunately, the photocatalytic reaction is quenched in virgin PEEK. Sulfonation, or
other modification, of PEEK is required to acquire these properties. In addition, a proper hydrogen
transfer agent is needed. [14] A modification of PEEK as well as the necessary melt compounding are
likely to change material properties and complicate melt spinning. Nevertheless, this approach
harbours considerable novelty and potential.



The objective of this thesis was to characterize and develop PEEK-based polymer fibres for use in
demanding conditions. This objective was approached from three angles: first, to manufacture and
characterize fine PEEK filaments; second, to degrade PEEK fibres by heat and light; and, third, to
manufacture PEEK-based polymer fibres with antimicrobial and self-cleaning properties. The thesis
comprises seven chapters, the introduction being the first. Chapters 2 and 3 constitute the theoretical
background with chapter 2 focusing on the material and chapter 3 on demanding conditions. Chapter
4 covers the aim and different approaches of the thesis whereas chapter 5 introduces the
experimental procedure, consisting of the materials, compounding, melt spinning, ageing, and
characterization. Chapter 6 reports the results and discusses the main findings, and chapter 7
concludes the thesis. Appended to the end are five publications presenting the original experimental
work of this thesis.



2. Polyetheretherketone (PEEK)

2.1. General properties

Polyetheretherketone or PEEK or poly(oxy- 1,4-phenyleneoxy- 1,4-phenylenecarbonyl- 1,4-
phenylene) is a linear, aromatic, semicrystalline thermoplastic. PEEK was first synthetized by the
Imperial Chemical Industries chemists in 1964 and commercialized by the same company in 1982
under the trade name Victrex PEEK [2]. PEEK can be polymerized using two different routes:
nucleophilic or electrophilic processes, the first being more common [15]. The repeating unit of PEEK,
presented in Fig. 1, is composed of three phenyl rings that are linked to each other either with an
ether or a carbonyl group. The molecular weight of the repeating unit is 288.3 g/mol, typical number
average molecular weight (M) 6200—15000 g/mol, and typical mass average molecular weight (My)
14300-100000 g/mol. The crystallinity of PEEK can vary between 0 and 40 % but is typically around 35

- -in

Fig. 1. The chemical structure of PEEK. Publication II.

PEEK has unique properties among thermoplastics and therefore it is commonly used in harsh
conditions including metal replacement applications, medical implants and space applications. Apart
from the high processing temperatures, the processing of PEEK is easy and can be done using all typical
thermoplastic processing techniques. PEEK is FDA (US Food and Drug Administration) approved so it
can be used in a wide range of applications. [1, 2]

Thermal properties of PEEK are known to be one of the best among synthetic polymers. PEEK has a
glass transition temperature (Tg) of 143 °C, continuous use temperature of 260 °C, a melting point (Tm)
of 343 °C, and decomposition onset temperature of 575 °C [16]. The chemical properties are excellent
as well and PEEK is resistant to most chemicals with some exceptions [15]. PEEK can perform well in
weak acids but very strong acids can dissolve them. Halogens (bromine, chloride and fluorine) can
attack on the aromatic rings of PEEK and halogenate them. Some amines, like aniline, can damage
PEEK on elevated temperatures. Also certain aromatic esters and ketones can attack on PEEK at high
temperature. [3]

PEEK has good mechanical properties, low water absorption and flammability, good radiation and
abrasion resistance and good electrical insulation properties. The use of PEEK is limited because of its
high price and by the need of special processing equipment capable of extreme temperatures. [1, 3,
17] The general properties of PEEK are summarized in Table 1.



Table 1. The properties of Victrex PEEK 151G [18].

Property Unit Typical value Test method
Tensile strength, yield MPa 110 ISO 527
Tensile modulus GPa 3.9 ISO 527
Elongation at break % 25 ISO 527
Charpy impact strength kJ/m? 4.0 ISO 179/1ea
Glass transition temperature °C 143 ISO 11357
Melting point °C 343 ISO 11357
Coefficient of thermal expansion, average, below T, ppm/°C 55 ISO 11359
Heat deflection temperature, 1.8 MPa °C 156 ISO 75A-f
Thermal Conductivity W/m °C 0.29 ISO/CD 22007-4
Melt viscosity, 400 °C Pa.s 130 ISO 11443
Density, crystalline g/cm? 1.30 ISO 1183
Density, amorphous g/cm? 1.26 ISO 1183
Water absorption, 3.2mm tensile bar, 24 h, 23 °C % 0.07 I1SO 62-1
Dielectric strength, 2.5 mm thickness kV/mm 16 IEC 60243-1
Dielectric constant, 23 °C, 1 kHz n/a 3.3 IEC 60250
Volume resistivity, 23 °C Qcm 10%% IEC 60093
Flammability rating n/a uL94 V-0 @1.5 mm
Limiting oxygen index, 3.2 mm thickness % O3 35 ISO 4589

2.2. PEEKfibres

2.2.1. Melt spinning

Melt spinning of PEEK fibres is not a new invention. In fact, it has been successfully done since the
1980s [3]. Melt spinning is a method suitable only for polymers that can be melted. There are many
kinds of setups available. Typically, granulates are fed into an extruder through a hopper. A single
screw extruder conveys, melts and homogenizes the material, and a filter system removes the
remaining impurities. Before entering a spinneret, the polymer mass goes through spinning pumps,
which ensures steady material flow. The working principle of a spinneret is similar to a bathroom
shower head. It distributes the melt polymer through one (monofilament) or multiple (multifilament)
orifices. After the spinneret, the material starts solidifying in an air quench chamber and forms a fibre
structure. The fibres are drawn with a winding unit, which decreases the fibre diameter significantly
compared to the diameter after the spinneret. The winding velocity can be over 5000 m/min for
certain textile yarns. Hot or cold godets or different texturizing setups can be used before a take-up
machine to modify the properties of the yarns. At the end of the line, on the take-up machine, there
is a spin finish system. In addition, the melt spinning equipment often contains different control units,
sensors and accessories for controlling and monitoring stable spinning process. [4]

In laboratory conditions, the mass throughput of an extruder system is often too large. To avoid this
problem, piston-based systems have been developed [19]. This kind of system makes it possible to
use mass throughputs as low as a few grams per hour providing filaments in the ultra-fine range, below
0.1 dtex at best. The basic principle of a piston system is similar to an extruder system previously
described. Melted material is pushed through a small hole, air cooled and drawn with a winder. The
difference is that material conveying is done with a piston which makes the process discontinuous.
Both extruder and piston-based systems are presented in Fig. 2.
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Fig. 2. Extruder and piston-based melt spinning systems.

2.2.2. Properties

PEEK fibres possess many of the same properties as PEEK in bulk form: excellent thermal properties,
low smoke and gas emissions, excellent chemical and abrasion resistance, cleanliness for food contact
applications, and proven track record of biocompatibility [20, 21]. Initially, the mechanical properties
were in the range of 0.3-0.4 N/tex, the monofilament diameter being from 0.4 to 1.0 mm, and
elongation at break 30-40 %. By the mid-1980s, the production of 5-15 dtex (2040 um)
multifilaments was possible as a result of improved polymer quality. This improved the tenacity up to
0.65 N/tex, modulus to 4-5 N/tex, and decreased extensions below 25 %. In the 1990s, different types
of PEEK filaments have been further developed, and the filament finesse in the case of multifilaments
have been reduced to 3 dtex (20 um) simultaneously improving the tenacity of the material. [3]

2.2.3. Uses

Due to the high price of PEEK, the commercial applications are currently limited, yet rapidly expanding,
and located mainly in the niche market sector. PEEK filaments can be woven to fine screens and used
in frame filters which are used for example for the production of board products. PEEK monofilament
braids are used in aerospace, automotive and industrial applications. Conveyor belts made of PEEK
are used in many industrial sectors. PEEK-based medical products have been developed as non-
metallic alternatives, one example being braiding for catheter shafts. PEEK is used in the wiring of
robotics in nuclear installations where typical thermoplastics would degrade too rapidly due to the
gamma radiation. PEEK multifilaments are used to reinforce synthetic rubber gaskets and bellows.
They are also used in industrial bristles, protective clothing, tennis racket strings, music strings, and
thermoplastic composites. [2, 3, 20, 21]



3. Demanding conditions

“Demanding conditions” is an inaccurate expression. In this study the demanding conditions for PEEK
fibres are chosen to be very small fibre size, maximum recommended use temperature, photo-
irradiation, and situations where antimicrobial properties would be desirable.

3.1. Fine filaments

3.1.1. Fibre size reduction

There has been variation on the definitions and terminology of thin fibres [22]. Fourne defined
microfilaments to have single filament titers between 0.3 and ca. 1.1 dtex [4]. Below 1 dtex fibres (9
um for PEEK) are called as ultra-fine filaments [19] and below 0.1 dtex they are sometimes referred to
as super ultra-fine fibres [22]. Golzar defined fine PEEK filaments, similar to those manufactured in
this study, to have fibre diameter of 10-30 um [23].

Spinning and texturizing processes for microfilaments were developed around year 1990. The spinning
machines are fairly similar to those used for conventional filaments but certain aspects have to be
taken into account in the case of microfilaments. According to Fourne, these aspects are very clean
and homogenous polymer, absence of dead spots and short residence time, very good polymer
filtration with minimal time variation, filter finesse, higher melt temperature than for standard
filaments, larger capillary hole distances, shorter quench and lower airflow rate, spin-finish applicator
soon after the quench, reduced POY (partially oriented yarn) spinning speed, short yarn path, correctly
optimized traverse for winding, yarn wind up tension, good and uniform intermingling, and filament
titer before drawing of. [4]

Since changing the processing parameters is much easier than the configuration of the melt spinning
equipment or the material quality, the parameters are in key role to further improve the spinnability
of polymer fibres. It is useful to understand the difference between limit of spinnability and spinning
stability. Stability is investigated in connection with time whereas spinnability is independent of time.
Spinnability can be defined as the limits to which satisfactory spinning condition can be achieved. [23]
Optimization of the process is needed when smaller and smaller fibre diameters are aimed at. Ziabicki
was the first to state the six processing parameters affecting spinnability in the melt spinning process:
processing temperature, dimensions and the number of spinneret holes, mass throughput, length of
the spinning path, take-up velocity and cooling conditions [24].

3.1.2. The effect of processing parameters

Literature data suggests that to improve spinnability, a high processing temperature should be used
[4, 23]. However, processing temperature cannot be raised endlessly due to the thermal degradation
of the material. The melting point of PEEK is 343 °C and recommended processing temperature 360—
400 °C [18]. According to a previous PEEK melt spinning study, using a processing temperature of 400
°Creduces spinning line breakages compared to lower temperatures and the stability of time variation
variables also improves [23]. Higher processing temperature enlarges the solidification length,
decreases internal stress, and possibly even improves the structure formation.

The number of spinneret holes can vary from one (monofilament) to tens of thousands in the case of
staple fibres. The spinneret holes can have various shapes, round being the most common. In round
hole spinnerets, the hole diameter can vary from 0.04 mm to over 1 mm, L/D being typically 1-20 [4].
To improve the spinnability, the control of die swell has an important role. Die swell is a long-known
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phenomenon where polymer mass swells after the capillary causing irregularities to fibres. High L/D
ratio has shown to decrease die swell, thus being preferable close to the spinnability limit [25]. An
early melt spinning study indicated that increasing the diameter of the capillary would decrease the
number of failures [26]. In Golzar’s study the stable melt spinning conditions were tested alternating
the mass throughput and diameter of the holes [23]. The effect for lowest spinnable fibre diameter
cannot be obtained from the data but increasing the hole diameter increases the draw down ratio
(vi/vo). As a concluding remark of the literature, the capillary should be long and large to improve
spinnability.

The filaments are usually cooled in vertical tubes preferably below the T, of the polymer. Initially, the
length of the spinning path was 4—-8 m when only relative movement of air was used. In 1956, the
cross flow quenching zone below the spinneret started to become more common to reduce costs and
improve the fibre quality. The minimum length was reduced to 2-3 m at a spinning speed of 6000
m/min, 1.3 m at a spinning speed of 1800 m/min, and 0.4 m at a spinning speed of 40-50 m/min [4].
The spinning path length should be long enough for the filaments to solidify. The maximum spinning
path length is limited by the spinning path stress the filament can withstand without breaking. Air
friction increases the filament stress almost linearly as a function of the spinning path length [24, 27].
Tests with PEEK indicate that the spinning path length should be as short as possible [23]. According
to this study, a long spinning length increases the fibre speed in two steps. The first corresponds to
the conventional melt spinning, and the second to either plastic or elastic deformation. Long spinning
path increases the stress at the solidification point and the maximum speed gradient also increases.
Additional heating tube after the spinneret has not shown to improve the stability of PEEK melt
spinning [23].

Take-up velocity of a commercial melt spinning line is nowadays 6000—8000 m/min and the tendency
is towards 10 000 m/min [4]. If the mass throughput remains constant, higher take-up velocity
evidently leads to a decreased fibre diameter. Almost a linear correlation has been found between the
take-up velocity and the spinning line stress [24]. The drag force increases and as a result the
rheological force and induced filament stress increase as well [23]. At a certain point this causes
necking and finally filament breakages. The general recommendation is to reduce the spinning line
speed in case of fine filaments [4] even though PEEK fibres have been spun under relatively high
spinning speed [23].

Very low mass throughputs are required to spin fine filaments. Ultra-fine 0.1 dtex PEEK monofilaments
have been produced with a piston-based system using a mass throughput as low as 15 mg/min [19].
In order to produce fibres this small, the mass throughput has to be very constant. According to the
equation of continuity, the filaments will break unless: [24]

Avip = Q =constant

Where A is the cross-sectional area of the fibre, v, take up-velocity, p density, and Q mass flow of the
polymer. Previous studies have shown that decrease in the mass throughput also decreases the
maximum take-up velocity [23].

3.2. Photodegradation
Ultraviolet (UV) light is a part of electromagnetic spectrum (100—400 nm) comprised of photons. UV
radiation is divided into three categories based on the wavelength: UV-C 100-280 nm, UV-B 280-320



nm, and UV-A 320-400 nm. The solar spectrum maximum is in the visible region of light,
approximately at 500 nm, and therefore the UV-B radiation contributes typically less than 1% and UV-
A 6-7% of the solar spectrum at the Earth’s surface. [28] The short wavelength UV-C radiation is the
most harmful of these but fortunately it is filtered almost entirely by the atmospheric oxygen (<240
nm) and ozone (<280 nm). Some of the UV-B radiation is filtered as well, which explains the lower
levels of radiation compared to UV-A measured at the Earth’s surface. [29]

UV radiation has a key role in polymer degradation even though it is not the only environmental factor
ageing polymers [30, 31]. Photoageing is usually iniated by solar UV radiation, air or pollutants. Factors
like water, organic solvents, temperature or mechanical stresses can accelerate the process. The
polymer macromolecule is activated by the absorption of a photon, which can lead to a formation of
free radicals. The secondary process follows this primary process where free radicals initiate number
of side reactions, which are independent of the light. [10] Typical chemical groups in polymer structure
like C-C, C-0O, C-H, or C-Cl do not absorb light wavelengths longer than 190 nm [31]. The explanation
for polymers to absorb radiation is the chromophores they contain. These chromophores can be
divided into two groups. The group A chromophores are impurities in the polymer chain or low
molecular external impurities originating from the polymer processing. The group B chromophores
are a part of molecular structure of the polymer. [5, 31] PEEK belongs to the group B as the
chromophoric groups in the polymer structure extend the light absorption up to almost 400 nm [32].

In polymer fibres the degree of crystallinity is often high. Crystalline regions have very little free
volume below Tn so the free volume is located only in the amorphous regions. Most photochemical
reactions can occur only in the amorphous region because of rigidity of the crystalline lattice, possible
delocalization of the excitation through the crystal, the lack of free volume imposed by the rigidity of
the crystal lattice, and the lack of oxygen in the crystalline lattice. [10, 31].

Photodegradation affects the molecular weights (M, and M,,) and molecular weight distributions
(Mw/M,) of polymers through two competitive processes, chain scission and crosslinking. If the chain
scission tendency is dominant, both M, and M,,/M, decrease, and if the crosslinking is dominant the
polymer eventually forms a network at the same time as M,, and M,/M,, increase. [10, 31] Among
these options, PEEK has the tendency to crosslinking during photodegradation [6].

It has been estimated that half of the plastics produced annually are employed outdoors [10].
Degradation limits a typical lifetime of an outdoor plastic product to a few months or years. The UV
degradation can be observed as discolouring (yellowing), embrittlement, loss of mechanical properties
and as a result a significantly shortened lifetime of products which can cause great economic losses
[33—-36]. In many cases, the first step leading to weathering related failure is the formation of brittle
surface layer. In photo-oxidative ageing the surface is affected the most because the intensity of the
UV radiation is the highest on the surface and there is sufficient amount of oxygen available. [31] Like
previously mentioned, fibres have high area/volume-ratio which is likely to be an accelerating factor
in degradation.

Typically, polymers are protected against UV and heat with various stabilizers [5]. However, most UV
and heat stabilizers cannot be used with PEEK due the high processing temperatures needed. The
largest PEEK provider, Victrex, is not currently selling any PEEK grades with UV- or heat stabilizers [18].
Therefore, the function and properties of different stabilizers are not further treated in this thesis.



3.3. Thermal degradation

The amount of thermal degradation depends on the polymer structure, temperature and presence of
oxygen. Oxygen is crucial for the degradation processes, and in the absence of it, most polymer
systems are relatively stable. [5] The thermal stability is related to chemical bonds in the repeating
unit of the polymer: the stronger the bonds the better is the stability. PEEK has three aromatic rings
in the repeating unit and these rings are known to have excellent stability.

Thermal degradation may be classified into three groups at high temperatures: depolymerisation
reactions where low molecular weight components similar in the structure of the polymer are
scissioned from the polymer, elimination reactions where low molecular weight components
unrelated to the original polymer (like H.O) are formed, or substituent reactions where chemical
nature of the repeat unit is changed even though the chemical structure remains intact. In the
presence of oxygen most polymer systems undergo chain scission reactions below their Tr, point due
to reactions of macroradicals with oxygen. These reactions will produce unstable hydroperoxides that
break down and form more free radicals accelerating the degradation process. The most prevalent
oxidation products in polymers are carbonyl and hydroxyl groups. The formation of these groups can
easily be followed with FTIR and corresponding wavenumbers 1710 and 3400 cm™. [5]

Thermal degradation is similar to photodegradation in many respects. Both degradation mechanisms
include initiation, chain propagation, chain branching, and termination steps. The main differences
occur in the initiation step: in thermal degradation initiation results from the thermal dissociation of
chemical bonds in macromolecules and in photodegradation from the photodissociation (singlet or
triplet states). Both degradation types can also be initiated by the presence of external free radicals
from impurities, additives or photoinitiators. [31] Because of the similarities in degradation
mechanisms, the effects on material properties are also fairly similar.

Presence of oxygen is crucial for degradation of PEEK that is tested to be relatively stable in nitrogen
atmosphere. High temperature oxidative environment has shown to cause chain scission and
crosslinking reactions in PEEK. Chain cleavage is suggested to occur adjacent to carbonyl functional
groups and the following hydrogen abstraction to crosslinking between aryl rings. [37] Therefore,
crosslinking behaviour is dominant in PEEK in both degradation types, thermal- and photodegradation.

3.4. Sulfonation of PEEK to provide functional properties

PEEK can be modified by sulfonation reaction to provide functional properties. In this context,
functional equals antimicrobial, self-cleaning and antipollution properties achieved by photocatalytic
reactions. The repeating unit of PEEK contains benzophenone (BP). These BP chromophoric groups
are commonly used as photosensitizers in photochemistry to provide functional properties [11-13].
When BP is exposed to UV radiation, a light-excitation from n to m* triplet states occurs [12]. This
photo-irradiated BP is highly reactive to abstract a hydrogen atom from a suitable hydrogen donor
such as amine or alcohol to form a stable benzophenone ketyl radical (BPK). This radical is then capable
of decomposing organic substances, which leads to functional properties. [11]

The problem with PEEK is that it cannot generate BPK radicals in its native state but modification with
e.g. sulfonate groups is required [14]. In the sulfonation of PEEK one hydrogen atom is replaced by
SO; group. Nowadays, sulfonation of PEEK is a standard procedure and the effects of different
processing parameters are well known [38-40]. The degree of sulfonation is shown to increase by



increasing processing temperature or -time. After modification, SPEEK is able to abstract the hydrogen
atom after light excitation. Without modification the process would be suppressed by the competitive
ESIPT (excited state intramolecular proton transfer) reaction leading to loss of photoreactivity [41-
43]. In ESIPT, the proton is not obtained from outside (intermolecular) but instead it moves
intramolecularly. The excitation reaction and radical formation of SPEEK are presented in Fig. 3.
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Fig. 3. Excitation reaction and radical formation of SPEEK. Publication V.

In order to this reaction to work, a proper hydrogen transfer agent is needed. Polyolefins such as
polypropylene (PP) and polyethylene (PE) have a labile hydrogen atom in their polymer chain, which
can be used in the transfer reaction. In addition, polyolefins are largely available, inexpensive, and
easy to process with conventional methods. SPEEK has been previously blended in solution with
polymers such as polyvinyl alcohol (PVA) and polyvinyl butyral (PVB) to be used as a direct methanol
fuel cells [44, 45], metal reduction material [46, 47] and for the production of functional thermoplastic
materials such as advanced composites [48]. However, the idea to mechanically compound SPEEK with
polyolefins is relatively new.

So, in theory, compounded SPEEK/PP blend would have functional properties. However, there are
several requirements for the industrial success in textile use. First of all, the blend should be spinnable.
For this, the particle size of SPEEK in the blend should be small enough because studies have shown
that when the particle size approaches the fibre diameter the spinnability reduces drastically [49]. The
second requirement is that the photocatalytic efficiency of the fibre is good enough for the products
it is used in. The third requirement is some kind of competitive advantage against current products.
This could be price but it could be safety as well. TiO, blends, which would the main competitor of this
product, often contain nanoparticles. The particle size is reduced to a nanoscale to increase efficiency
[50]. However, the safety of the nanoparticles is under investigation and according to current
knowledge, TiO, nanoparticles are possible carcinogenic to humans [51].
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4. Aims of this study

This study concentrated on PEEK-based polymer fibres in demanding conditions. The main research
qguestions were: what occurs when PEEK-based polymer fibres are pushed to the limit and how can
these limits be moved further? This study has been divided into three parts, each of which having own
more specific research question:

e Publication I: What are the effects of different processing parameters on the spinnability of
PEEK monofilaments?

e Publication II, lll: How does photo- or thermal ageing affect PEEK fibres?

e Publication IV, V: Is it possible to modify PEEK so that it would provide antimicrobial
properties based on photocatalysis?

As described in Fig. 4, the study has been divided into three parts, each of which having the same
object: increase knowledge and improve the properties of PEEK-based fibres and thus create new
application possibilities and safer products.

Publication |

Publication II, 111

Publication IV, V

Laboratory scale melt spinning
of PEEK

Laboratory scale melt spinning
of PEEK (~400 um)

Synthesis of SPEEK from PEEK

Fine-tuning of the processing
parameters

Ageing of PEEK fibres with
photo-irradiation (0—44 d) and
heat (0-128 d at 250 °C)

SPEEK/PP melt compounding

Finding the limits of
spinnability

Characterization of the fibres
using multiple methods

SPEEK/PP melt spinning, firstin
laboratory scale, then in semi-
industrial scale

Characterization of the fibres

Comparison of the results
between photo- and thermal
degradation

Characterization of the bulk
material and the fibres

U

U

U

Increasing knowledge and improving the properties of PEEK

U

New application possibilities, improved product safety

Fig. 4. The process chart in this study to improve the properties of PEEK fibres.

The scientific contribution of this thesis is:

e Generate deeper understanding regarding the relationship between processing parameters

and the best spinnable (PEEK) fibre diameter.

e Age PEEK fibres using photo-irradiation and heat, characterize the samples with wide range

of methods, and compare the results.

e Manufacture and characterize totally new photocatalytic fibres based on the blend of

SPEEK/PP.
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5. Experimental procedures

5.1. Materials

Victrex PEEK grade 151G was used in publications I, Il and Ill, and powder form Victrex PEEK 704 in
publications IV and V. Victrex PEEK grades 381G, 450G and powder grade 704 were also briefly tested
in publication | before choosing the grade 151G. PEEK sulfonation in publications IV and V was
performed according to the generally accepted processing parameters by a partner company Next
Technology Tecnotessile. 98% sulphuric acid was mechanically stirred with powder form Victrex PEEK
704 in 250 ml reactor for 3 h at 45 °C. The obtained SPEEK was then precipitated by dropwise addition
of the solution to 500 ml of ice-cooled distilled water. The precipitate was washed until the excess
acid was removed and then dried in an oven at 70 °C for 12 h.

5.2. PEEK compounding

Laboratory scale compounding. SPEEK/PP laboratory scale compounding in publications IV and V was
performed using a DSM Xplore micro compounder with a counter rotating double screw. The
maximum batch size for this compounder is 5 ml. The materials were weighted, loaded into the
compounder and mixed for 5 min at 200 °C at a screw speed of 150 revolutions per minute (RPM).

Semi-industrial scale compounding. SPEEK/PP semi-industrial scale compounding in publication V was
performed using a Brabender W50 single screw extruder. The material was repeatedly processed four
times to get a homogenous compounding quality. Processing temperature of 200 °C and screw
rotation speed of 30 RPM were used.

5.3. PEEK melt spinning

Laboratory scale melt spinning. PEEK laboratory scale monofilament melt spinning was based on a
modified Gottfert Rheograph 6000 capillary rheometer. It is a piston-based system with a maximum
processing temperature of 400 °C and volume of 26 cm3. In publication 1, different processing
temperatures, capillary diameters, cooling lengths, and piston speeds were tested to find the limits of
spinnability. Optimal tested processing parameters were Victrex PEEK grade 151G, 400 °C processing
temperature, 5 cm cooling length and 30/1 mm capillary when using draw velocity of 100 m/min.
Lowest achieved spinnable mass throughput using these parameters was 0.031 g/min. In publications
Il and Ill this same setup was used without a spinning motor so that the fibres were drawn by gravity.
This provided very stable fibre diameter of 410 + 10 um. The used processing temperature was 380
°C, capillary size 30/1 mm, and mass throughput 5.5 g/min. In publication V, the optimal processing
parameters of publication | were used, except the processing temperature was tested between 180
and 220 °C and the mass throughput was higher.

Semi-industrial scale melt spinning. The semi-industrial SPEEK/PP melt spinning in publication V was
performed in a Fourne melt spinning system comprised of a single-screw extruder system with a
filament count of 10. The used die size was 8/0.5 mm, screw rotation speed 57 RPM, drawing speed
250 m/min, winder traverse 198 1/min, and spinning path length 4.8 m

5.4. Ageing of PEEK fibres

Photoageing. The PEEK fibre photodegradation was studied in publication Il. The UV irradiation
chamber, size of 1260 x 710 x 450 mm, is equipped with four Q-Lab UVA-340 fluorescence lamps with
peak intensity at 340 nm. Irradiance of the UVA-340 lamps corresponds well with sunlight in the critical
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short wavelength region [52]. The oldest lamp was changed every 400 h so the total working life of
the lamps was 1600 h. The UV irradiation chamber was characterized by the Finnish meteorological
institute using Bentham DM150 double-monochromator spectroradiometer equipped with
measurement head UV-J1002 from CMS Schreder. The chamber was symmetrically divided into nine
measuring points and the average of these was used. The focal plane of the measurement head was
approximately at the height of 16 cm from the bottom. The dose rate at the UV-B range (290-315 nm)
was 0.7 W/m?, at the UV-A range (315400 nm) 12.1 W/m?, and at the visible range (400—600 nm) 3.1
W/m?2. For the UV irradiation tests, PEEK fibres were cut and taped to a 600 x 400 mm frame. PEEK
samples were kept in the chamber for 0, 144, 384, 720 and 1056 h so that both sides of the samples
were irradiated for the same amount of time. The corresponding total doses were 0, 8.25, 22.0, 41.3
and 60.5 MJ/m?. Temperature of the UV chamber was 33 °C.

Thermal ageing. Thermal degradation of the PEEK fibres was studied in publication Ill. The samples
were aged using a modified Ahma GO600 oven. The original temperature controller was replaced with
an Omron E5CN control unitand a PT100 platinum resistance thermocouple. The annealing conditions
were kept stable at temperature of 250 + 0.1 °C during the artificial ageing process. The samples were
attached to a horizontal grill attached on the same level as the thermocouple. The aged fibres were
cut from the grill so that the fibres in close contact with metal were discarded because the high
thermal conductivity of the grill results to accelerated ageing.

5.5. Characterization

Mechanical testing. The mechanical testing in publication | was performed according to the standard
ISO 5079:1995 with Lenzing Vibroskop and Vibrodyn. Instead of the recommended 50 measurements,
only 20 were done because of the difficulties in the measuring procedure of the synthetic PEEK fibre.
First, the Vibroskop was used to determine the fibre fineness number and then the same fibre was
stretched until breaking with Vibrodyn. In publication Il, the tensile testing of the fibres was made with
an Instron 5967 according to the standard ISO 5079:1995. The initial length was 20 mm and the
drawing rate 20 mm/min. Instead of the recommended 50 measurements, only 10 samples per
irradiation time were measured due to the long duration of the testing procedure. The modulus was
calculated by the software using linear regression techniques according to the standards EN10002 and
ASTM E8. Tests were made with a 2 kN force cell. In publication Ill, similar testing procedures were
used as in publication Il except the initial length was increased to 50 mm and 15 samples were
measured. In publication V the testing was performed by Next Technology Tecnotessile. These tests
were performed according to the ISO 2062 standard using an ADF Brustio Tessile tensile testing
machine. A 200 mm clamping length and 1800 mm/min drawing speed were used. A total of 10
measurements per sample were made. Young’s modulus was calculated in 0-10% strain. Prior to the
mechanical analyses, these samples were conditioned at 20 °C and humidity of 65% for 24 h.

Differential scanning calorimetry (DSC). DSC tests in publications I, Il, and /Il were carried out with
Netzsch DSC 204 F1 heat-flux DSC. PEEK was heated from room temperature to 400 °C, then cooled
down to room temperature and then heated again to 400 °C. The heating/cooling rate was 20 °C/min.
Number of parallel measurements in publications I, Il, and Ill were 1, 5, and 2, respectively. DSC tests
in publication IV were made by NTT with a Mettler Toledo 822 e. Samples were heated in 80 ml/min
nitrogen flux at a heating rate of 10 °C/min but only once due to the degradative behaviour of SPEEK
at higher temperatures.
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Thermogravimetric analysis (TGA). TGA measurements in publications |-V were recorded with
PerkinElmer TGA 6. The samples were heated in nitrogen atmosphere (publications I, Il, and IV) and in
air atmosphere (publications Il and /ll). The heating rate was 10 °C/min in publications I-Ill and 20
°C/min in publication IV. The degradation onset temperature in publications Il and Il was defined as
the intersection point of the extrapolated baseline and the tangent of the inflection point.

Fourier transform infrared spectroscopy (FTIR). FTIR spectra in publications Il and Ill were measured
with a Bruker optics tensor 27 using ATR (attenuated total reflectance) mode. Samples were tested
between 400 and 4000 cm™?, using 16—32 measurements and a resolution of 4 cm™. Measurements
were made using 4 parallel fibres and the average of 3—5 measurements was used to minimize errors.
The data was baseline corrected using the average absorbance of 3800-4000 cm™ as a reference. The
carbonyl index was calculated as the ratio of the aged and unaged peak intensities at 1716 cm™
(publication 1) and 1740 cm™ (publication IIl). To calculate the peak areas for the crystallization
measurements in publication II, the baseline corrected FTIR data was integrated using OPUS software.
ATR-FTIR spectrum in publication IV was measured by Next Technology Tecnotessile with Perkin Elmer
Spectrum One spectrometer in HATR reflection mode. A zinc selenide crystal and a resolution of 4 cm”
! were used.

Capillary rheometer. Capillary rheometer tests in publication | were made with Goéttfert Rheograph
6000 capillary rheometer. A 30/1 mm capillary, 140 MPa pressure sensor, and processing temperature
of 365-400 °C were used. Test runs were carried out from low to high shear rates and then back and
the results were corrected using the Rabinowitsch correction.

Rotational rheometer. Rotational rheometer tests in publications I-IV were carried out with Anton
Paar Physica MCR 301 using 25 mm plate-plate geometry and nitrogen atmosphere. In publication |,
the constant shear rate measurements were performed from low to high shear rates. In publications
1I-1V, oscillatory shear measurements were carried out using angular frequency range of 0.1-562 rad/s
and decreasing frequency. In publication IV the time dependence of viscosity was tested using
constant angular frequency of 10 rad/s, strain amplitude of 10% and measuring time of 30 min.

Scanning electron microscope (SEM). A Philips XL30 scanning electron microscope was used to
investigate the morphology of PEEK, SPEEK/PP, and PP in publications I-V. The samples were gold
sputtered before investigations. 15 kV accelerating voltage was used in the tests.

Optical microscope. A conventional optical microscope was used in publication | to measure the fibre
thickness at 1000x magnification. A bunch of fibres was spread onto the microglass plate, and by using
the microscopes rotating measuring scale the filament diameter was read. The diameters of total of
60 individual fibres were measured to ensure reproducibility.

UV-Vis. UV-Vis diffuse reflectance spectra in publication I/l were measured with a Shimadzu UV-3600
UV-Vis-NIR spectrophotometer and ISR-3100 integrating sphere. All spectra were recorded in the
wavelength range of 350-750 nm.

Nuclear magnetic resonance (*H-NMR). The 'H-NMR spectra in publication IV were recorded using a
Bruker 200 MHz spectrometer. The spectra were recorded at 60 °C, without internal standard and

using deuterated dimethyl sulfoxide (DMSO-d6) as a solvent, with a polymer concentration of about
30 mg mL. Experimental data were elaborated with the 1D Win-NMR software, applying the Lorentze
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Gauss enhance function and using appropriate Line broadening and Gaussian broadening parameters
in order to improve the resolution of the peaks. These measurements were performed by the
University of Siena.

Electron paramagnetic resonance (EPR). EPR spectroscopy in publications IV and V was used to
confirm the free-radical characteristics of the photoactive species. Continuous wave (CW) X-band (9
GHz) EPR measurements were carried out at room temperature on a Bruker E500 ELEXSYS Series,
using the Bruker ER 4122 SHQE cavity. The sample was placed into a 4.0 mm ID Suprasil tube, exposed
to UV irradiation generated by a UV lamp (effective irradiative power of 8 W/m? in the range of 390—
490 nm) at a distance of 11 cm for 15 min. Then the specimen was immediately measured by EPR
spectroscopy. In publication V, the fibres were also measured repeatedly for a total of 10 times. The
24 h measuring cycle consisted of 15 min irradiation, immediate measurement and a waiting period.
The relative radical amount was calculated from the EPR peak areas by a double integration of the
signal, centered at g = 2.0035 + 0.0003 with a narrow scan of 50 G avoiding Mn(ll) contribution. These
measurements were performed by the University of Siena.
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6. Results and discussion

6.1. Melt spinning of fine PEEK fibres

6.1.1. Fibre size reduction

Reducing the size of PEEK filaments is desirable in many kinds of applications. PEEK is increasingly used
in medical product, often as carbon fibre reinforced composites, but also in a fibre form. PEEK fibres
have been developed as guide wires in aortic stenting [53] and braiding material for catheters [21].
Reduced fibre size could open new possibilities for improved medical operations in this huge market
sector. In filtration, where PEEK fibres are often used, the benefits of reduced fibre size are apparent,
as it would improve the filtration capability. In composite reinforcement the amount of fibres needed
depends heavily on the fibre size. When the fibre size approaches the nano-scale only a fraction of the
amount of them is needed to provide the same properties as in the case of conventional micro fibres
[54].

Material development has improved the properties of PEEK fibres since the 1980s as well as some of
the technical innovations in the equipment. Yet, fine-tuning of the processing parameters has
remained as an important tool for improving the properties as well as reaching for even smaller
diameters. There are a few studies in the literature of melt spinning of PEEK filaments [23, 55, 56].
However, these studies lack information of the effects of processing parameters on a quantitative
level. As previously discussed in paragraph 3.1, the effects of different processing parameters are well
known on a qualitative level but more information should be received what are the actual effects to
the best spinnable fibre diameter. There are several reasons to further develop the melt spinning
process and the spinnability of PEEK. Improvements in the spinning process could lead to better
mechanical properties of the fibres, decreased fibre diameters, improved process stability and money
savings.

6.1.2. Effect of processing parameters

The effect of processing parameters on the spinnability was tested by first estimating the importance
of them and then moving from the more important to less important and using the obtained values.
The selected order was PEEK grade, processing temperature, capillary dimensions, and the length of
the spinning path. The effect of take-up velocity was not tested due to the somewhat inaccurate,
analogically controlled, motor unit. Testing of all possible combinations was not possible due to the
slowness of the testing procedure. The results of the six different trials are presented in Table 2.

According to the definitions, the goal of these melt spinning tests have the characteristics of both melt
spinning stability and limits of spinnability [23]. During the tests, the process was estimated to be
stable if the fibre did not break in 60 s. A total of five trials were allowed for each mass throughput
and if one of these trials was successful the mass throughput was decreased until the limit was found.
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Table 2. The effect of processing parameter on the best spinnable PEEK fibre diameter. Partly modified
from publication I.

Trial number 1 2 3 4 5 6
Grade 381G 151G 151G 151G 151G 151G
Temperature [°C] 400 400 385 370 400 400
Capillary diameter [mm] 1.0 1.0 1.0 1.0 0.75 1.0
Length of the spinning path [cm] 40 40 40 40 40 5
Shear rate [1/s] 19.0 4.6 4.8 7.9 18.0 4.0
Lowest stable piston speed [mm/s] 0.0165 = 0.0040 0.0042 0.0069 0.0066 0.0035
Theoretical mass throughput [g/min] 0.15 0.036 0.038 0.062 0.059 0.031
Theoretical diameter [um] 39 19 19 25 24 18
Theoretical fineness [dtex] 15.4 3.7 3.7 6.5 6.2 33

According to the results, the viscosity of the grade has a major effect on the spinnability. The best
spinnable fibre diameter of grade 381G is roughly twice as much compared to grade 151G. Since the
number corresponds with the viscosity of the grade (Pa.s at 1000 1/s, 400 °C), lower number in the
grade indicates better spinnability. Also the processing temperature affects the viscosity of the
material and at least partly for that reason the increase in the temperature improves spinnability. On
a qualitative level this result was expected [4, 23] but the magnitude was a surprise. 370 °Cis between
the recommended processing temperature range of the materials, and yet, 15 °C increase in the
processing temperature improved the minimum spinnable fibre diameter from 25 um to 19 um.
Further increase to 400 °C improved the spinnability only slightly.

Testing of capillary dimensions was challenging. Testing was initiated with a 30/1 mm capillary, which
is a typical choice for rheological measurements, the main purpose of the equipment. The 30 mm
capillary length was the longest possible for this system and therefore the first choice according to the
previous literature [4, 24, 25]. It was impossible to use larger capillary diameters since the gravitational
self-flow exceeded the required mass throughput of the fibre. Also testing of shorter capillaries caused
problems. Due to the structure of the equipment, the capillary hole is inside the barrel when a shorter
than 30 mm capillary is used. The air temperature inside this barrel is very high which reduces the
viscosity of the material. A high number of fibre breakages occurred when this viscosity reduction was
combined with the extreme take-up elongation. Therefore, only 30/1 and 30/0.75 mm capillaries were
compared. Between these two, the spinnability was better with the 30/1 mm capillary. When two
spinning path lengths, 5 and 40 cm, were compared, small differences were found giving advantage
to the shorter length.

6.1.3. Fibre properties

It has to be noted that due to the structure of the laboratory scale melt spinning equipment, the draw
down ratio is significantly higher than in the case of conventional extruder melt spinning systems.
Multiple godets and cold drawing are used to improve the properties in industrial scale spinning
machines and therefore the results in e.g. mechanical properties are not comparable with these
laboratory scale spinning tests.

The mechanical tests (Table 3) and SEM micrograph (Fig. 5) reveal that the diameter of the fibres is
not constant. For these tests, 25 um fibres were manufactured using the optimal processing
parameters found in trial 6. According to the results, the fluctuations in the fibre diameter have a
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significant effect on the elongation at break and Young’s modulus. The tenacity of the material,
however, is relatively homogenous.

Table 3. Mechanical properties of 25 um PEEK fibres. Partly modified from publication |.

Fineness [dtex] Tenacity [cN/dtex] Elongation at Young’s Modulus,
break [%] 1% [cN/dtex]
Average 6.19 2.15 151 19.7
Std. Dev. 2.27 0.24 48 4.9
Maximum 9.90 2.62 218 34.3
Minimum 3.09 1.72 59 13.9
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Fig. 5. SEM micrograph of melt spun PEEK fibres. Publication |.

6.1.4. Problems, improvements, and benefits

These results indicate that there are certain problems in the equipment that should be solved before
manufacturing of finer fibres is possible. There are a few alternative explanations for the non-
homogeneity of the fibres: the resonance caused by the old-fashioned spinning motor, unstable mass
throughput, or the combination of these two. The size of the capillary is very large compared to the
size of the fibre. Drawing reduces the diameter of the fibre very rapidly after a few centimetres from
the capillary. When this thinning of the fibre is combined with the absence of proper filtering and gear
pump systems of the piston-based equipment and with the small variations in the take-up speed, non-
homogeneities in the fibre diameter can be expected.

Reduction in the capillary size is not the solution for this problem since it has a negative effect on the
spinnability. Many of the problems observed are related to the structure of the equipment and the
removal of them would require a total re-design of the machine. Due to the lack of commercial
interest, piston-based melt spinning machines are not that common and many of them are self-built
[19]. According to our tests, following aspects should be considered in the piston-based machine to
obtain finer filaments: material mixing and filtering before the capillary, accurate and smooth take-up
motor, accurate piston movement, wide range of capillaries, controllable air temperature after the
capillary, controllable quenching distance, and elimination of quenching turbulence. The smallest fibre
parts with this equipment, during a stable process, were approximately 10 um. At least this level is
expected to be achievable if the variations could be eliminated.
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When the melt spinning process is upscaled to extruder level, many of these recommendations above
are not valid any more. Modern extruder systems have proper filters and gear pumps as well as
accurate take-up control and wide range of capillaries to select from. The length of the cooling path is
limited by the material solidification and is typically several metres instead of centimetres. However,
many of the optimal processing parameters are likely to be transferable from laboratory scale tests to
larger scale. On a qualitative level, the results are consistent with previous studies. On a quantitative
level, the viscosity control of the fibres is essential. This should be done by first choosing the material
grade correctly, and secondly, optimizing the processing temperature. The importance of the die
dimensions was larger than expected and should be carefully considered when upscaling the
production of fine fibres.

6.2. Under photo-irradiation

6.2.1. PEEK fibres in outdoor applications

It is a well-known fact that most linear polyaromatics, like PEEK, degrade under UV radiation [6, 57,
58]. Considering all the good properties PEEK possesses, photodegradation may be the most
significant weakness of it. Because of the chemical structure that involves polyaromatic groups, PEEK
absorbs almost all UV radiation of wavelengths under 380 nm [32]. Since the solar spectrum on the
Earth’s surface starts at 290 nm, a significant amount of photochemical oxidation reactions occurs at
PEEK resulting to a formation of new chemical groups that further accelerate the reaction rate of
photodegradation.

Even though PEEK fibres are not mainly used in outdoor applications, some of the current products
have to withstand UV exposure. A portion of PEEK fibre based industrial bristles, protective clothing,
sports strings, conveyer belts, and thermoplastic composites are used outdoor. Since many of the
PEEK products have high safety requirements, the degradation would not only be undesirable but also
dangerous. No literature has been found of photodegradation of PEEK fibres but the mechanical
properties of PEEK photodegraded sheets have been previously tested [6, 58]. According to these
tests, PEEK crosslinks readily and this causes embrittlement of the material. In addition to the rapid
decrease in elongation, crosslinking reactions also increase the material hardness and yield strength.

UV irradiation studies are often focused on chemical reactions during the photo-oxidation [32, 59—
61]. According to the FTIR analysis of photo-irradiated PEEK samples, an increase in the hydroxyl and
carbonyl region intensities are observed. New bands at 2954, 2926 and 2854 cm™ in the range of C-H
stretching of non-aromatic hydrocarbons and decrease in the intensity of 3067 cm™ peak (assigned to
the C-H stretching of aromatic rings) indicate that UV irradiation causes PEEK to loss its aromaticity.
One reason for the good thermal properties of PEEK is the structure of it, which contains aromatic
groups [5]. Therefore, UV radiation could also affect the thermal stability of PEEK.

More research is needed to study the effects as a function of irradiation time. This would be important
when making better estimations of the product lifetime in outdoor conditions. These estimations
would be beneficial for wide range of products, not just for fibres. In our research, PEEK fibres have
been aged various times and multiple characterization methods have been used. These tests provide
new information about the usability of PEEK fibres in outdoor conditions.
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6.2.2. Fibre properties

The results in the mechanical tests are presented in Table 4. The mechanical strength and modulus
decrease slowly with the irradiation time. The differences are minimal between the pristine and 1056
h aged samples: 6 % in yield strength and 15 % in modulus. According to a previous study, the
mechanical strength can even increase at the first due to the solidification of the material [6]. This
solidification process evidently occurred at these samples as well since the elongation decreased
rapidly. Where unaged PEEK samples are ductile, aged samples have turned brittle. The difference is
96 % between the 0 h and 1056 h samples.

Table 4. Tensile properties of UV irradiated PEEK fibres. Partly modified from Publication .
Time [h] Yield strength [MPa] = Tensile strength at  Elongationat = Modulus [MPa]

rupture [MPa] rupture [%]

0 83.2+2.0 87.6+1.9 3119 2340 + 55
144 80.5+1.0 78.6+0.8 173 £ 25 2290 + 95
384 78.7+1.5 78.0+1.3 137 £ 23 2400+ 71
720 79.6+£1.0 74.4+1.0 49+8 2200 + 50
1056 77.8+2.0 72.3+1.6 13+1 1980 + 80

According to Fig. 6, the elongation-time plot is almost a straight line in logarithmic scale. Based on this
result, it could be estimated that the maximum working life of these kinds of fibres in this kind of
environment is not more than two months (1440 h). The correlation between artificial ageing and
natural weathering is difficult but in any case the actual working life in outdoor applications seems to
be relatively short considering the high technology nature of PEEK fibres. Also the statistical Weibull
analysis for the elongation at rupture data (Table 5) clearly indicates that even a short period of ageing
decreases the reliability of the fibre.
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Fig. 6. Elongation of the PEEK fibres as a function of irradiation time. Publication II.
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Table 5. Weibull analysis for the elongation at rupture data.

Ageing time [h] 0 144 384 720 1056
Samples 10 10 10 10 10
Shape parameter 11.3 1.95 1.93 2.10 3.96
Scale parameter 324 196 157 56.1 14.0
0.05 reliability [%] 357 344 278 95 18
0.10 reliability [%] 349 301 242 83 17
0.50 reliability [%] 314 163 130 47 13
0.90 reliability [%] 266 62 49 19
0.95 reliability [%] 249 43 34 14

Previous studies have observed hardening of the surface layer at depths under 250 um [6]. This 250
pum is more than a typical radius of PEEK fibres indicating that eventually the whole fibre is affected
by photodegradation. The loss in elasticity is particularly dangerous in applications where fibres are
under alternating external stress and the breaking of fibres would cause safety problems.

The chemical properties at the surface of the fibre were measured using ATR-FTIR. Rapid increases in
the carbonyl group (maximum at 1716 cm™) and hydroxyl group (maximum at 3230 cm™) absorption
peaks are observed. In addition, FTIR spectra show evidence that aromatic rings are broken during
photodegradation. There occurs a rise of aliphatic methylene group vibrations, in symmetric CHs-
stretching at 2853 cm™ and antisymmetric CHs-stretching at 2922 cm™, and lowering of aromatic CH-
stretching vibration at 3065 cm™ during photodegradation.

The carbonyl index, probably the most common unit of polymer photodegradation, increases rapidly
during the first 384 h (Fig. 7). Carbonyl index seem to be excellent method especially for the early
detection of photodegradation. After 384 h the amounts of carbonyl groups on the fibre surface start
to saturate. Mechanical tests show that photodegradation does not end at this point but rather moves
closer to the fibre centre line.

Carbonyl index [a.u.]
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Fig. 7. Carbonyl index of UV irradiated PEEK fibres. Publication II.

The formation of new chemical groups on the surface of the fibre does not necessarily mean that the
bulk properties are unusable. The properties depend heavily on the sample size and they have to be
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reflected to the penetration depth of UV radiation. In case of small diameter fibres, increase in the
carbonyl index correlates well with the solidification of the material and decrease in elongation. When
the carbonyl index has climbed up to a certain level, the fibre has lost it properties anyway. These
results suggest that FTIR could be used as an alternative for mechanical tests to estimate the general
usability of the fibres. FTIR is fast and commonly available method and testing of almost any form of
samples is possible.

The results of the DSC scans are presented in Table 6. Ty, of the samples is 340-343 °C. Increased
irradiation time does not change the T, and it is therefore considered as poor method to estimate
the degradation level. Also the crystallinity of the samples remains unchanged. 36 % crystallinity is
relatively high for PEEK but typically fibre form samples have high crystallinity as a result of elongation
during manufacturing. Tg increases along with the irradiation time but there is a high variance in the
results. If the level of degradation is high, T can serve as a directional tool but otherwise thermal tests
are inaccurate to estimate the degradation level. UV- or ion irradiation has been shown to increase
both the T and T (the number corresponding to number of heatings) due to crosslinking of the
material [62-64].

Table 6. The results of the DSC scans for UV irradiated PEEK fibres. Tg1, Tg2, Tm1, and Tmz refer to Tg's
and Tw's during the first and the second heating. Partly modified from Publication II.

Time [h] = Crystallinity [%] Tgi [°C] Tg. [°C] Tm, [°C] Tm; [°C]

0 36.0+£0.5 143.6 £ 0.9 1447+ 1.1 342904 340.9+0.1
144 36.4+0.3 145.8 £ 0.5 148.4 £ 0.9 342.6+£0.2 341.2+0.1
384 353104 1459+ 2.0 146.0+ 1.3 342.2+£0.1 340.5+0.1
720 35.9+0.3 147.1+14 146.0+ 0.8 342.8+0.1 340.7£0.1
1056 35.4+0.5 149.3+1.3 151.3+2.2 343.0+0.2 340.6 £ 0.2

TGA measurements were performed in air (Fig. 8) and nitrogen atmospheres and they show reduction
in thermal stability. Between these two atmospheres, the differences were easier to observe in air.
The differences in degradation onset temperatures were only 10-20 °C but depending on the
definition of initiation, the difference can be as high as 100 °C between irradiated and pristine samples.

PEEK fibres are more often intended for high temperature rather than outdoor applications. Even
though the outdoor temperature is not problem for storage, UV radiation may be. In some
applications the fibres may have to withstand, on purpose or by accident, both. In this case the high
temperature resistance may be severely damaged by the UV irradiation.

Rheology is typically used to estimate the processability of the material. During the past two decades,
rheology has been increasingly used to study the ageing of materials [65—67]. Rheology can detect the
changes in molecular weight and molecular weight distribution, which occur through competing chain
scission and crosslinking reactions.

The crosslinking of PEEK fibres was evident in the mechanical tests as reduced elongation and in DSC
tests as increased T,. In rheological tests this same crosslinking was visible as steady increase in zero-
shear-viscosity and shear thinning behaviour (Fig. 8). Rheology was found to be rather accurate
method to study the degree of photodegradation in PEEK fibres. However, it has a few drawbacks that
limit the use of it. The samples used in this study have a large fibre diameter, approximately 400 um.
If the fibre size would have been smaller, as much as several kilometres of fibres would have been
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required for the measurements. In addition, rheology is not as fast method as FTIR. One measuring
cycle took approximately 20-30 min in this case.
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Fig. 8. TGA curve of UV irradiated PEEK fibres measured in air (left), Complex viscosity of UV irradiated
PEEK fibres (right). Partly modified from Publication Il.

Previously, SEM and optical microscope have been successfully used to estimate degree of
photodegradation in PP fibres [68—70]. In theory, cracking of the surface is an expected result since
the solidification of the material shrinks the outer layer. This solidification is generally believed to be
caused by increased crystallization and reconstruction of the amorphous content in the surface [69,
70].

In PEEK fibres, SEM cannot be recommended as a good method to study the degree of degradation.
There are no visible changes in longitudinal samples and only 1056 h aged sample show signs of
degradation in transverse breaking surface (Fig. 9). The cracks in the 1056 h aged sample penetrated
up to 20 um depth which is significant compared to a typical size of synthetic fibres.
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Fig. 9. Transverse SEM micrograph of 0 h (left) and 1056 h (right) photo-irradiated PEEK fibres. Partly
modified from Publication II.
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6.2.3. Benefits of the study

PEEK fibres were artificially aged under UV-light for 0-1056 h. The fibres were then characterized with
FTIR, DSC, TGA, rheology, SEM, and mechanical tests and the results were compared. From the results
it is possible to state that PEEK is sensitive to UV radiation. Even a few weeks in direct solar light can
change the properties of the fibres irreversibly and cause safety problems. A significant amount of
crosslinking occurs during the ageing process and this leads to a rapid decrease in elongation and
increase in the zero shear viscosity (molar mass). UV irradiation reduces the thermal properties of the
fibres and causes solidification of the surface layer. This study provides new information of
photodegradation of fibre from samples, photodegradation of PEEK and comparison between
different methods.

6.3. Under heat

6.3.1. High temperature applications

PEEK fibres are often used at high temperatures. Protective clothing, automotive applications, space
products or industrial bristles may have to face high temperature requirements in use. In bulk
products the number of high temperature applications is even greater. Many of these uses include
potential risks to users and therefore knowing the high temperature behaviour is essential.

There has been a notable amount of high temperature studies of PEEK with different characterization
methods such as FTIR [71, 72], TGA [73-75], mass spectroscopy [76, 77], UV-Vis [78], *H-NMR
spectroscopies [78], DSC [7, 79, 80], Wide Angle X-ray Scattering (WAXS) [79], and mechanical tests
[7,80-82]. These studies include both short- and long-term material testing as well as characterization
of the decomposition products. However, the comparison of results between characterization
methods has been limited and, according to the best knowledge, no systematic studies regarding PEEK
fibre thermal degradation have been published. Testing of fibre form samples is interesting due to the
previously described facts: high degree of orientation, high crystallinity, and small sample size. In this
study PEEK fibres, similar to photodegradation study, are aged various times in 250 °C. The fibres are
then characterized and the results are compared. Usually many age-related phenomena operate
simultaneously and/or interactively. However, the continuous use temperature of PEEK is so high that
outdoor degradation due to heat is estimated to be negligible compared to UV. On the other hand,
elevated temperature close to 250 °C rarely involves UV. Therefore, the cooperative action of heat
and UV is not studied in this thesis.

6.3.2. Fibre properties

Even though thermal exposure is typically considered as harmful to plastics, this is not always the case.
Annealing of PEEK is performed by heating it between the Tg, 143 °C, and T, 343 °C, for various times.
This type of heat treatment for PEEK has been studied since the 1980's. Typical annealing conditions
are 40 h at 250 °C according to manufacturer’s recommendations [7]. Annealing has been reported to
have many positive effects on the fibre morphology and properties. Annealing improves the
mechanical properties [7, 80], increases the crystallinity [7], and changes the crystal morphology [8,
9, 80]. Previous TEM micrographs have revealed that PEEK has two populations of crystals [83] and
according to previous DSC scans, annealing increases the size of these crystals [80].

In previous studies, these secondary crystals have been visible in DSC scans at a temperature slightly
over the annealing temperature [80]. In this study, the secondary peak becomes visible in the least
aged 1 d sample (Fig. 10). The location of this secondary peak moves slowly towards the primary peak.
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Between 32—-64 d the primary melting peak starts to shift to lower temperature and at 128 d the two
peaks merge. The first heating in the DSC scan resets the thermal history of the material thus removing

the secondary peak.
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Fig. 10. DSC traces of thermally aged PEEK fibres. First heating (left) and second heating (right). Partly
modified from publication Ill.

Tm of the material is relatively stable until 32 d after which it starts to drop rapidly (Fig. 11). By 128 d
of ageing, Tm has dropped by 15 °C suggesting that a significant amount of degradation has occurred
in the bulk of the fibres. Typically, most photochemical reactions occur at the amorphous regions of
the material [10, 31]. However, the decrease in Tr, is estimated to be caused by the reduction in the
crystal content due to thermal degradation [78, 79]. The continuous growth and perfection of the
secondary crystals in the amorphous regions of the material is evident in the DSC thermograms as well
as in the earlier literature [79, 84]. In principle, this growth can continue until the amorphous regions
are totally consumed [85]. Decrease in T is slightly visible in the 64 d sample and clearly visible in the
128 d sample. This decrease in Tr, in the 128 d sample combined with the overlapping of the primary
and secondary peak melting endotherms indicate that the amorphous regions are well filled with the
secondary crystals but the (primary) crystals has started to show signs of degradation.

The formation of secondary crystals is clearly visible in the T,. Already the first day of ageing increases
Tg1 from 148 °C to 164°C (Fig. 11). These secondary crystals presumably lead to changes in the
amorphous portions of the fibres and cause crosslinking induced tensions. On the other hand, increase
in T2 becomes visible roughly at the same time as changes in Tm, between 16 d and 32 d samples.
According to previous studies, this change is caused by crosslinking induced decrease in the molecular
mobility [6, 62]. The latter study claims that if both the T, and Young's modulus are increased
simultaneously, this can only be justified by the material crosslinking. The crosslinking of the material
is later verified by the rheological measurements and increase in the Young’s modulus by the

mechanical tests.
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Fig. 11. Melting temperature (left) and glass transition temperature (right) of thermally aged PEEK

fibres. Tm1 and Tg1 during the first heating and Tm2 and Ty, during the second. Publication 1.

The changes in the FTIR spectrum, like the formation of the carbonyl and hydroxyl group absorption
bands, are similar to photodegradation study but smaller in magnitude. The rise in the carbonyl index
is presented in Fig. 12. In thermal degradation study the peak intensity maximum is located at 1740
cm’t, which is different from the photodegradation study peak intensity maximum of 1716 cm™. This
result indicates that the degradation route is different between thermal- and photodegradation.
Hydroperoxide mechanism [86, 87] is typical for aliphatic polymers and general thermal degradation
but the differences in peak intensity maximums illustrate that photodegradation of PEEK is likely to
occur with a different mechanism.
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Fig. 12. Carbonyl index [1740 cm™/1740 cm™ (t = 0)] of PEEK fibres aged at 250 °C. Publication Ill.

The good thermal stability of polymers is linked to aromatic groups in the molecular structure [5]. The
repeating unit of PEEK includes three phenyl rings. FTIR tests show that the relative number of
aromatic groups decreases and the number of aliphatic groups increases during ageing. This result is
similar to the photodegradation study and indicates that ring opening reactions occur during ageing.
These ring opening reactions may be one reason why T, has decreased so much in the 64 d and 128
d samples. Even though photodegradation caused severe damage to fibres, it did not affect the T, of
the material. This again illustrates the different degradation mechanisms of thermal- and
photodegradation. From the application point of view FTIR is not the most obvious choice since it does
not give any results related to material properties but only changes on the fibre surface. However,
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changes in the carbonyl index can be used to estimate the general degradation of the fibres and the
dominant degradation mechanism can even be differentiated from the peak intensity maximum.

Thermal ageing causes somewhat similar rheological effects as photodegradation (Fig. 13). The zero
shear viscosity increases slowly at first but rapidly after 16 d. Even the first day of thermal ageing
causes a significant reduction in the viscosity at high angular frequencies. This behaviour differs from
the photodegradation study, where more changes occurred at low angular frequencies. It was
impossible to measure 64 d and 128 d samples, since they did not melt during the tests (Fig. 13). This
is very interesting results and is evidently caused by the material crosslinking which leads the material
to behave more like a thermoset than a thermoplastic.

From the zero-shear-viscosity and M, power-law connection [88] it is possible to state that a
significant amount of crosslinking occurs because of the ageing. Crosslinking is observed with rheology
roughly at the same time (32 d) as T and Tg2, measured with DSC, start to change. This is an expected
result, since increased crosslinking, combined with changes in the relative amounts of crystalline and
amorphous material, is directly observable as changes in the T, and the T, with DSC. This crosslinking
is often undesirable in products since it makes the fibres brittle.
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Fig. 13. Complex viscosity curves of PEEK fibres aged at 250 °C (left). 128 d aged PEEK fibres after

rotational rheometer measurement. The fibres were heated 15 min at 450 °C using 50 N compression
without changes in the fibre form. The photo was taken while heating was still on (right). Partly
modified from Publication Ill.

A decrease in the T, of the material and thus reduction in the thermal stability was observed in the
DSC tests. This result was confirmed by the TGA measurements (Fig. 14) where significant changes
occurred in the samples aged at least 8 d. Differences in the degradation onset temperature are small,
only 13 °C between the virgin sample and the 128 d aged samples, but is due to the shapes of the
curves. The mass loss begins at lower temperature when sample is aged more. If 2% mass losses are
compared, the difference is almost 40 °C. Compared to photodegradation, the results are similar.
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Fig. 14. TGA of PEEK fibres aged at 250 °C. Partly modified from Publication Ill.

Rheological investigations might have led to conclusion that highly crosslinked PEEK fibres have
excellent thermal stability, but this is not the case according to TGA measurements. In fact, the
thermal stability is the worst in 64 d and 128 d aged samples. These samples behave like thermosets
that, upon heating, do not melt before degrading. In comparison, this gap between the T and the
degradation onset is over 200 °C in virgin PEEK. The loss of aromaticity, observed with FTIR, also
supports this decrease in thermal stability, since phenyl rings have better stability than aliphatic chains
in the polymers. Both rheology and TGA are methods that give information on the whole sample
volume and their ability to detect degradation was tested to be fairly similar. On the other hand, FTIR
is a surface sensitive method. Since the first signs of degradation occur at the fibre surface, FTIR can
detect changes, like the loss of aromaticity, much earlier than rheology or TGA.

Previous literature data clearly states that annealing have positive effects on the mechanical
properties of PEEK [80, 82]. Tensile strength and tensile modulus improve significantly during the first
day of ageing: tensile strength increases from 92 to 105 MPa (Fig. 15) and modulus from 2.6 to 2.9
GPa (Fig. 15). These values remained relative unchanged until 64 d of ageing. The highest values were
measured in 128 d samples, 123 MPa tensile strength and 3.0 GPa modulus. The elongation behaviour
was very similar to photodegradation study (Fig. 15). Virgin PEEK fibres were really elastic whereas
aged samples had turn brittle. Confirmed and progressing crosslinking of the material during ageing is
another explanation for the improved mechanical strength and reduced elongation [6, 81].
Crosslinking is often undesirable in the case of fibres because it eventually turns them brittle which
reduces usability.

The measuring procedure for the elongation was modified from the photodegradation study in which
average values were used. In this study, the highest value of 15 measurements was used. Because of
equipment limitations and difficult samples, a stress concentration was generated near the jaws of
the tensile testing machine, which often caused the fibre to break at the yield point. As long as the
number of measurements is high enough, this method should effectively neutralize the phenomenon
where fibre breaks down due to the stress concentration in jaws. According to 9 different ageing times,
this method turned out to be suitable to follow the degradation process.
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Fig. 15. Tensile strength (up left), modulus (up right), and maximum elongation (below) of PEEK fibres
aged at 250 °C. Partly modified from Publication IlI.

The originally yellowish PEEK fibres turned brownish red during ageing. The chromophoric groups in
PEEK’s structure absorb almost all UV radiation below 380 nm [32]. This result is also confirmed by the
UV-Vis diffuse reflectance spectra of the samples (Fig. 16).
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Fig. 16. UV-Vis diffuse reflectance spectra of PEEK fibres aged at 250 °C. Partly modified from

Publication Ill.
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The onset of the absorption gradually moves to higher wavelengths with increased ageing, the
absorption band forming in the visible region between 400 and 750 nm. The 128 d aged fibres have
an absorption onset of 550 nm, this corresponding to a brownish red colour. Surface oxidation of the
fibres is a likely explanation for the colour changes. The phenomenon is similar to what is observed
during the burning of polymers.

6.3.3. Benefits of the study

The aim of this part of the thesis was to test PEEK fibres in elevated temperature (250 °C) and
characterize them using a wide range of methods. Tested fibres were the same as in the UV irradiation
study, which makes comparison possible. The ultimate goal was to expand the uses of PEEK fibres in
extreme temperatures and generate new information to increase the safety of these products.

According to the results, as well as the earlier literature, the initial effects are mostly positive due to
the formation of secondary crystals. Surface sensitive methods like FTIR are able to detect changes
roughly at 8-16 d. At this point the usability of the fibres is still good even though the elongation of
the fibres reduces at a fast rate. The reduction in usability occurs at 32—64 d. The fibres become more
and more brittle due to crosslinking reactions, thermal stability and T, decrease and the colour of the
fibres turn darker. At 128 d the fibres are not totally destroyed but the use of them in actual products
can be hardly recommended.

6.4. Under contamination

6.4.1. Applications of photocatalytic fibres

Photocatalytic fibres are currently utilized in antimicrobial, self-cleaning, and antipollution
applications. Antimicrobial textiles include products such as tents, tarpaulins, awnings, blinds,
parasols, sails, waterproof clothing, consumer textiles, and medical settings [89]. Clothing industry
would benefit from the self-cleaning property and therefore much research has been done in this
sector [90-92]. However, these products are not largely available yet and products containing TiO;
nanoparticles possibly pose a risk to humans [51]. Some commercial air purifiers, also in HVAC
(heating, ventilating and air-conditioning) systems, use photocatalytic oxidation to turn harmful
substances, including volatile organic compounds (VOCs), into less harmful compounds like H,0 or
C0,. [93,94]

6.4.2. Manufacturing and characterization of material

SPEEK was compounded with PP at three different mass concentrations 2:98; 5:95; and 10:90. TGA
measurements (Fig. 17) indicate that SPEEK has poor thermal stability compared to PEEK and this has
to be taken into consideration during material compounding. SPEEK decomposes almost linearly when
heated above 50 °C. In a previous study, the mass loss from 50 to 250 °C was shown to occur due to
chemically and physically bound water, from 250 to 450 °C due to the decomposition of acid group
which induces the elimination of SOs; and the decomposition of the —SOsH group, and above 450 °C
due to the breakdown of the polymer backbone [38]. Drying of SPEEK for 30 min before the TGA
measurement effectively removed the bound water and decreased the mass loss in the TGA curve.

Too high processing time and temperature would have led to thermal degradation and too low to
improper mixing. 5 min of compounding at 200 °C at a laboratory scale provided a SPEEK/PP blend
with a homogenous character and brown colour. An increase in the processing time clearly changed
the colour to darker, this being a typical sign of thermal degradation. Interestingly, SPEEK/PP blends
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seem to have better thermal stability than virgin PP. However, the onset of SPEEK/PP blend initiates
the earlier the higher SPEEK concentration is.
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Fig. 17. TGA curve of PEEK, SPEEK, SPEEK dried, SPEEK/PP 2:98; 5:95; 10:90 and PP (20 °C/min, N3).
Publication IV.

TGA measurements can be used to estimate the degree of sulfonation (DS) for SPEEK. As previously
mentioned, the weight loss between 250 and 450 °C is associated to elimination of SO; unit in the
polymer chain. Theoretical maximum for the weight loss is 21.7% that is the mass portion of SOs of
the whole unit. TGA measurements show a weight loss of 23.7% in this range, which corresponds to a
theoretical DS of 109 %. The explanation for the value to be over 100 % is that the acid groups may
cause random chain scissions, which lead to a loss of phenol groups as well [95]. The limits for SOs
volatilisation are also somewhat inaccurate.

To confirm the high DS of synthetized SPEEK, a 'H-NMR measurement was performed. PEEK
sulfonation generates a single signal for H proton in ortho position to SOsH, the intensity of the signal
being equivalent to the SOsH group content [96]. The ratio of the area of this proton peak and the
area of the other protons equals to a degree of sulfonation. The measured value of 93% confirms that

a higher DS was achieved compared to a previous study where values between 70 and 80% were
achieved [38].

The results of DSC measurements in Table 7 show that SPEEK does not have a crystallization peak
which indicates that SPEEK is completely amorphous polymer. In comparison, PEEK has a maximum
crystallinity around 40% [15]. Also the T, of SPEEK is rather high (225 °C) compared to the one
measured in PEEK (159 °C). SPEEK/PP blends have a Tr, (~168 °C) and two Tg's, one T¢ (~2 °C) similar to
PP and a second T similar to the one in SPEEK (~225 °C). Two distinct T,'s is perhaps the most typical
sign of an immiscible (heterogeneous) polymer blend [97].
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Table 7. Thermal properties of PP, PEEK, SPEEK and SPEEK/PP 2:98, 5:95, and 10:90 blends measured
by DSC (10 °C/min, N»). Partly modified from Publication IV.

Sample T T Tm

PEEK 159.4 °C - 346.6 °C
SPEEK - 225.2°C -

PP 23°C - 168.2 °C
SPEEK/PP (2:98) 3.1°C 221.9°C 169.4 °C
SPEEK/PP (5:95) 2.0°C 225.8°C 167.5 °C
SPEEK/PP (10:90) 2.8°C 219.7 °C 168.6 °C

A high-viscosity PP grade (melt flow index 3 g/10 min) was selected because it was estimated that
compounding causes chain scission reactions in PP decreasing the viscosity [98]. According to the
rheological measurements in Fig. 18, SPEEK/PP 2:98 blend has similar viscosity as PP but in the case of
SPEEK/PP 5:95 and SPEEK/PP 10:90 blends the viscosity is significantly dropped. SPEEK degrades at
elevated temperatures, which could explain the decrease in viscosity. Decomposition products, such
as the acid groups mentioned in TGA section, are one likely explanation for the chain scission
reactions.

There are no differences in shear thinning behaviour in SPEEK/PP 5:95 samples measured at 180, 200,
220, and 240 °C (Fig. 18). The shape of the 240 °C curve is a somewhat different in small shear rates,
probably due to thermal degradation. These measuring points take the longest time of the
approximately 10 min measuring cycle. A drop in SPEEK/PP 5:95 viscosities (Fig. 18) can be observed
as a function of time but the amount of the decrease is unclear because of the measuring procedure:
it takes several minutes to heat the sample, trim it, and start the measurement. Therefore, 200 °C
sample seem to have higher drop compared to 220 and 240 °C samples. After roughly 5 min the
viscosities are stabilized in all three samples.
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DSC measurements revealed the heterogeneous nature of the SPEEK/PP blend. This is confirmed by
the SEM micrographs (Fig. 19) that show two different domains in the SPEEK/PP blends implying that
the blend is not miscible. The SPEEK particles have a size of a few micrometres, which should not be a
problem during fibre spinning where the fibre size is typically in tens of micrometres. The shear forces
of the compounder seem to be able to homogenously disperse the SPEEK particles into the PP matrix.
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Fig. 19. SEM micrograph of PP (A), SPEEK (B), SPEEK/PP 2:98 (C), SPEEK/PP 5:95 (D), and SPEEK/PP
10:90 (E). Publication IV.

6.4.3. Fibre melt spinning

The fibre spinning was performed using two different melt spinning systems. The laboratory scale
system was used to test the melt spinning processing parameters and the semi-industrial system to
manufacture sufficient amount of fibres for characterization. In laboratory scale tests, most of the
processing parameters are the same as found optimal for PEEK in publication I: capillary dimensions
30/1 mm, spinning path length 5 cm, and take-up speed 100 m/min. The mass throughput, material
composition, and processing temperature were altered to found the optimal spinning conditions. For
evaluation of the fibre spinning properties, a very simple three-step grading scale was created. The
descriptions for different spinning qualities are presented in Table 8.

Table 8. Spinning quality table. Partly modified from Publication V.

Quality Description

Excellent No problems in fibre quality or spinning stability.

Good Fibre spinning was possible but there were problems in the spinning stability or fibre
quality and spinning of very thin fibres was not possible.

Not spinnable Fibre spinning was not possible or the process was stable for a few seconds at best.

The laboratory scale spinnability and fibre quality turned out to be excellent at best even though the
very simplified structure of the Gottfert capillary rheometer does not allow using filters or gear pumps
before the die. Generally, increasing the processing temperature improves spinnability [4, 23]. Among
the three tested processing temperatures, 200 °C was a good compromise between spinnability and
thermal degradation (Table 9). 180 °C is so close to the T, of PP that the spinnability was not quite as
good. Spinnability of PP was excellent at 200 and 220 °C. On the other hand, the spinnability of
SPEEK/PP at 220 °C was strongly time-dependent. Initially excellent spinnability reduced to good in 5
min and after 10-15 min the material was not spinnable at all.

SPEEK/PP 5:95 and 10:90 had almost similar spinnability at the same temperature. This spinnability of
PP was rather similar to SPEEK/PP blends as long as the residence time was short. Rheological
investigations support this finding since the SPEEK concentration had only a small effect on the
viscosity. There was no point of testing the limits of spinnability in the laboratory scale setup. The
smallest spun SPEEK/PP 5:95 fibres had an average diameter of 45 pum.
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Table 9. The results of the spinning tests. Partly modified from Publication V.

Test number Processing
temperature [°C]
1 180
2 200
3 220
a4 180
5 200
6 220
7 180
8 200
9 220

SPEEK

concentration [%)]

0

v L1 L1 O O

10
10

Quality

Good
Excellent
Excellent
Good
Excellent
Excellent = Good = Not spinnable
(depending on the residence time)
Good
Excellent

Excellent & Good = Not spinnable
(depending on the residence time)

Up-scaling of the process to semi-industrial scale was tested. The goal of these tests was to estimate
the spinnability in scale closer to real applications and to manufacture sufficient amount of fibres for
characterization. SPEEK/PP concentration of 5:95 was chosen for the tests. Optimal processing
temperature from the laboratory scale spinning tests, 200 °C, was used. Theoretically, the fibre
properties should be more stable in the semi-industrial tests since the equipment includes a 50 pum
filter, more accurate drawing system, and more stable material flow. The spinnability was excellent
from the beginning and no fine-tuning was required. A total of 4 bobbins (Fig. 20) were spun and no
broken filaments were observed during the semi-industrial scale spinning tests. The colour of spun
SPEEK/PP 5:95 fibres was brown whereas PP fibres were light-coloured.

Fig. 20. Melt spun SPEEK/PP 5:95 filaments. Publication V.
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6.4.4. Fibre properties

Filaments obtained from the semi-industrial tests, SPEEK/PP 5:95 and PP, were characterized by
photocatalytic tests, mechanical tests, and SEM. Testing of photocatalytic properties is crucial
considering the applications of these fibres. The amount of generated radicals should be sufficient,
they should have a long life-time, and the effectiveness should not decay too much during multiple
irradiations. X-band (9 GHz) EPR spectra of the samples was measured at different times after the
irradiation and after several irradiation cycles. A BPK radical signal as well as six Mn(ll) impurities were
detected.

The EPR signal area as a function of time, obtained by double integration of the experimental spectra,
is presented in Fig. 21. The maximum value of the BPK signal is measured immediately after the
irradiation after which it starts to decay. Considering the potential applications, the lifetime of the
radical is relatively long. After 15 min, the radical intensity is dropped to 59% and after 60 min to 18%
of the maximum measured radical intensity (Imax). The residual radical intensity is approximately 5%
of the Imax. 16 h monitoring of the radical signal reveals no further decay in the intensity. BPK radicals
have slow dimerization/disproportionation coupling reaction, which explains their long lifetime [46].
In the solid state, the mobility of the radicals is slow which increases the life-time. Also SPEEK/PP 5:95
samples that were not irradiated showed a small BPK peak as a result of the irradiation during material
handling. In PP samples, with or without irradiation, BPK peak was not visible.

Relative radical amount was monitored 10 irradiation cycles to simulate the effectiveness of the fibre
in continuous use (Fig. 21). The first irradiation cycle drops the effectiveness to about one third of Imax.
Stable radical intensity level around 20 % of Imax is quickly reached. Evidently, the radical formation
ability reduces in use, this being very typical challenge for such fibres. It is difficult to estimate whether
100% or 10% Imax intensity is enough to provide functional properties and therefore e.g. antimicrobial
tests should be performed to verify the usability.
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Fig. 21. Relative radical amount after the first irradiation compared to Imax as a function of time (left)
and relative radical amount after irradiation compared to Imax as a function of irradiation cycles (right).
Publication V.

The mechanical properties of the yarns are presented in Table 10. Compared to the otherwise similar
PP yarn, the mechanical tenacity of SPEEK/PP 5:95 yarn is 20% lower. A lack of material during testing

36



forced to draw the fibres directly into the bobbing which is the simplest option. The orientation of the
polymer chains by using heatable godets and cold drawing could not been performed and this affected
the mechanical properties of the yarns that are below the commercial levels [99]. Another choice that
can cause speculation is the PP grade. A high-viscosity PP grade was chosen to improve the
compounding quality but in fibre melt spinning higher melt-index grades (lower viscosity) are typically
used. In contrast to the low mechanical strength, the yarns are very elastic with over 250% strain at
break.

Table 10. Mechanical properties for SPEEK/PP 5:95 and PP filaments. Partly modified from Publication
V.

Sample Fineness Tenacity at break = Strain at break = Young’s modulus
[tex] [cN/tex] [%] [cN/tex]
SPEEK/PP 5:95 23 9.1+1.2 267459 19.5+2.9
PP (pristine) 23 11.6+1.8 268+47 24.7+2.2

SEM analysis reveals no problems in the fibre quality of SPEEK/PP 5:95 fibres (Fig. 22). The surface of
these fibres is, however, a little rougher compared to the PP fibres. The reason for this is the SPEEK
particles but the differences are small. In the characterization of SPEEK/PP bulk blend the particle size
of SPEEK was found to be a few micrometres with a homogenous dispersion and these micrographs
confirm this finding.
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Fig. 22. SEM micrograph of the PP fibre (left) and SPEEK/PP 5:95 fibre (right). Publication V.

6.4.5. Benefits

In this study, nanoparticle-free photocatalytic fibres were developed. The study included many
challenging aspects such as totally new polymer blend, thermal degradation of SPEEK and the blend,
and SPEEK particles that could interfere the melt spinning. Despite these challenges, a fibre with good
overall performance was developed. Characterization of the fibre revealed long-lasting BPK radicals
but also decay in use. This decay is a typical challenge for the current products as well and slows down
the growth rate of these products. The mechanical properties of them were only slightly affected by
the addition of SPEEK compared to the PP fibres. It should be possible to manufacture this fibre into
textiles and then use this textile in products such as carpets or filters. Even though the formation of
BPK radicals was verified, more research of the actual performance in textiles is recommended.
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7. Conclusions

PEEK is a specialty thermoplastic often used in conditions that conventional thermoplastics cannot
withstand. PEEK has been melt-spun for over 30 years, during which time its number of applications
has increased dramatically. There is a clear, market-driven need to improve the properties of PEEK
fibres. In this work, PEEK-based polymer fibres were pushed to the limit and beyond under demanding
conditions. The results show that the spinnability of the fibres can be improved by fine-tuning the
processing parameters, though eventually filament breaks increase in number despite the best efforts.
Both photo-irradiation and thermal ageing significantly and progressively degrade the fibres and turn
them from elastic to brittle and eventually to unusable. PEEK sulfonation into SPEEK, melt
compounding this SPEEK with PP, and melt spinning this blend produced fibres with functional
properties.

The main findings for the specific sub-questions of this thesis are as follows:

e PEEK is an easily spinnable polymer. The optimal processing parameters for fine PEEK fibres
on a laboratory scale were low viscosity PEEK grade, high processing temperature, long and
large capillary, and short spinning path length. Quantitatively, the selection of the PEEK grade
and capillary dimensions had the highest impact on the obtained fibre diameter. The smallest
directly-to-the-bobbin-spun PEEK fibres were 18 um in average diameter.

e Photodegradation is harmful to PEEK. Exposure to UV radiation causes crosslinking, especially
on the surface of the fibre. The extent of this crosslinking can be estimated with rheological
measurements, and mechanical tests show the transformation of originally elastic fibres to
brittle. The carbonyl index, measured by FTIR, was the easiest tested method to estimate the
degree of photodegradation. Changes were also visible in TGA and SEM measurements, but
DSC turned out to be a poor method for characterization.

e Thermal exposure at the maximum recommended use temperature (250 °C) significantly
degraded the fibres during the 128-d test period. At first, changes were mostly positive due
to the formation of secondary crystals improving mechanical properties. After 8-16 d, changes
became visible with surface sensitive methods, but the fibres remained usable. Between 32—
64 d, usability slowly deteriorated. Finally, samples aged for 128 d, though not fully destroyed,
were yet highly crosslinked, brittle, and significantly compromised in thermal stability.

e SPEEK and its melt compounded blend with PP provided photocatalytic properties, which
were confirmed by EPR measurement. During melt spinning, the processing temperature had
to be carefully optimized because of the poor thermal stability of SPEEK. At 200 °C, the 5:95
SPEEK/PP blend showed excellent spinnability and mechanical properties of only slightly
below the PP reference.

The melt spinning of fine filaments was also linked to other approaches of this study. Reduction in
fibre size increases the surface area to volume ratio. Since oxygen affects the degradation rate, and
since there is more oxygen on the surface of than inside the fibre, degradation is faster in fine fibres.
An increased surface area is highly beneficial in photocatalytic applications because more radicals can
then be generated.
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Comparison of photo- and thermally aged PEEK fibres reveals both similarities and differences. In both
cases, crosslinking makes fibres brittle, their thermal stability drops according to TGA, T, increases,
and FTIR shows generation of carbonyl groups. A few useful tips can be given to distinguish thermal
degradation from photodegradation. The easiest is probably the location of the carbonyl absorption
band maximum in FTIR. In photodegradation, the maximum is located at around 1716 cm™, whereas
in thermal degradation it is at around 1740 cm™. In photodegradation, the intensity of the peak is also
significantly higher. If a reference sample is available, thermal degradation is likely to increase yield
strength and modulus, whereas in photodegradation change is not so obvious, or the effect can even
be negative. A secondary endotherm at around 270-320 °C can be observed in DSC only in thermally
aged samples. Furthermore, T, changes in thermal degradation but not in photodegradation. If a
reference sample is available, changes in rheological behaviour can be used to differentiate between
the ageing methods. In thermally aged samples, a rapid change in the slope occurs at around 10-50
1/s angular frequency. The curve of photodegraded samples is more linear on a logarithmic scale.
Finally, SEM is not an accurate method to estimate the degree of degradation, though some changes
may be visible in photodegraded samples.

The antimicrobial properties of the SPEEK/PP blend highlight the material versatility of PEEK. Its
chemical structure of aromatic rings accounts for its excellent thermal stability and enables its
photocatalytic activity after modification. Furthermore, SPEEK/PP fibres were verified on a laboratory
scale to be a potential alternative to competitors containing nanoparticles.

Though this study concentrated on PEEK-based polymer fibres, its results can be exploited for other
materials and processes as well. For example, the spinnability results apply, at least to some degree,
to other thermoplastics. However, it is more complicated to compare degradation processes. The
internal chromophores of PEEK that extend its light absorption up to 400 nm are another reason for
its excellent thermal properties. Many thermoplastics contain no such internal chromophores;
instead, their degradation is initiated by the impurities they contain. This difference makes it difficult
to use these results extensively. Regardless of the type and rate of degradation, the multiple
characterization methods in these studies provide new information for efficient characterization of
aged fibres. One important result of the SPEEK/PP fibre study is the distribution of small SPEEK
particles in the PP matrix to stabilize the spinning process. Different blends must often be
compounded to produce functional properties. If the compounding quality is not sufficient, spinning
process will not be stable. In fact, particles distributed evenly in the matrix help secure the best
possible properties.

All the three approaches could be further studied. Besides laboratories, the limits of spinnability could
also be tested on a semi-industrial scale. Because of its excellent chemical resistance, PEEK is used in
applications where it ends up in contact with chemicals. Consequently, its ageing could well be tested
using chemicals and characterized as in thermal and photodegradation studies. Photocatalytic
SPEEK/PP fibres could also be processed into textiles and thereby be tested in real-life conditions for
functional properties such as antimicrobiality. On the whole, there are still many possibilities to
further develop PEEK-based polymer fibres.
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ABSTRACT: This study has been carried out to investigate
the processing parameters affecting polyetheretherketone’s
(PEEK) spinnability in a melt spinning process. PEEK has
excellent mechanical and thermal properties and fibers made
from it could be used in extreme environments. Different
PEEK grades were characterized thermally and rheologically
to see which one is the most suitable for fiber spinning. The
spinning tests made with the most suitable grade (Victrex
151G) show that increased processing temperature, increased
capillary diameter or shorter spinning path length improves
spinnability. The best fibers made in optimal processing con-
ditions (400°C temperature, 30/1 mm capillary, and 5 cm

spinning path) were 18 um in average diameter. Because of
the limitations of the system used, variations in fiber thick-
ness were noticeable and worsened the spinning stability.
Scanning electron microscope photos confirmed these varia-
tions, and they were also visible in an optical microscope. The
selected low-viscosity PEEK grade provided good spinnabil-
ity but gave filaments with only mediocre mechanical proper-
ties, the tensile strength being around 280 MPa. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 126: 15641571, 2012

Key words: PEEK; melt spinning; fiber, spinnability,
optimization

INTRODUCTION

Polyetheretherketone (PEEK) is a semicrystalline
thermoplastic with excellent mechanical and thermal
properties and chemical resistance. PEEK has very
low water absorption, low flammability, good radia-
tion resistance, and good electrical properties.
PEEK’s continuous use temperature of 260°C is one
of the highest among all plastics. It is approved by
food and drug administration. Because of its high
price (100 €/kg) PEEK is normally used in high-tech
applications such as medical devices, space applica-
tions, and as metal replacement."” The commercial
applications of PEEK fibers are currently dry filtra-
tion, chemical se};aration, sport strings, braids,
brushes, and cords.

Melt spinning is a process where melt polymeric
material is pushed through a small-hole (spinneret),
then cooled down by cold air and finally drawn
onto a roll by a winding unit.* Melt spinning of
PEEK is not a new invention. In fact, it has been
done since the 1980s.” There have been studies con-
cerning melt spinning of ultrafine PEEK filaments™®
and even one dissertation about PEEK melt spin-
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ning.” Ziabicki first stated the six processing param-
eters affecting spinnability in a melt spinning pro-
cess: processing temperature, dimensions and the
number of spinneret holes, mass throughput, length
of the spinning path, take-up velocity and cooling
conditions.* There are previous data available on
how processing parameters affect spinnability gener-
ally4'8_12 and also for PEEK,®” but in these studies, a
deeper understanding regarding the relationship
between processing parameters and the best spinna-
ble fiber diameter is lacking. Fourne and Golzar
have given fairly similar list of suggestions how to
spin very thin filaments.”” However, these recom-
mendations do not state what are the actual effects
on the spinnability. Golzar has also created a fiber
stability map for Victrex PEEK 151G but this map
do not show the effects of PEEK grade, processing
temperature, capillary dimensions, and the length of
the spinning path to the best spinnable fiber diame-
ter.” Although the effects of processing parameters
are well known in a qualitative level, there is limited
amount of literature data available how these proc-
essing parameters affect the best spinnable fiber di-
ameter on a quantitative level.

Theoretically, an increase in processing tempera-
ture should improve spinnability as Fourne first sug-
gested in 1995.° According to Golzar’s tests, this is
the case with PEEK also.” The normal processing
temperature of PEEK is 360-400°C, so 400°C should
provide the best spinnability. Repkin have shown
that increasing the capillary diameter improves pro-
cess quality and decreases the number of failures.'?
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In addition to the diameter, the length/diameter
(L/D) ratio also affects spinnability. Several publica-
tions have shown that the die swell-ratio (the ratio
of maximum polymer mass diameter after the capil-
lary and the diameter of the capillary) decreases
when L/D-ratio increases.”!! It is important to mini-
mize the die swell because it weakens the quality of
the fibers by making them more irregular. This
means that theoretically capillary should be long
and large. Previous studies have shown that short
spinning paths should preferably be used when
making ultrafine filaments.”” Stress in the spinning
line increases along with the spinning path length
thus increasing the change of failure.”"

The goal of this project is to manufacture fine
PEEK filaments by a lab-scale melt extrusion spin-
ning process and to optimize the most important
processing parameters. To get filaments of even
quality, and with optimal properties, it is necessary
to fine-tune the process parameters (such as piston
speed, melt temperature, length of cooling path,
etc.). The obtained PEEK filaments where then thor-
oughly characterized so that any material related
problems (e.g., thermal degradation of PEEK, fila-
ment breaking) can be minimized during the fiber
spinning. The obtained results from the PEEK fiber
characterization were then compared with results
from previous studies reported in the literature and
were also used to evaluate the spinning process.

EXPERIMENTAL
Materials

Four PEEK grades from Victrex (Lancashire, UK)
were used in the study. Three of the grades are in
granular form: 151G, 381G, and 450G, and one
grade, 704, is a powder. These grades have different
molecular weights and rheological properties accord-
ing to the supplier data.'"* The thermal properties
are very similar between the grades, whereas the
mechanical properties have more variation. The
properties for the granulate grades can be seen in
Table I. Powder grade 704 is designed for coatings
but was briefly tested in the fiber spinning trials
also.

TABLE 1
Properties of the PEEK Grades Used™

Property\grade 151G 381G 450G
Melting point (°C) ISO11357 343 343 343
Glass transition (°C) 1SO11357 143 143 143
Melt viscosity (Pas) ISO11443 130 300 350
Tensile strength (MPa) ISO527 110 100 100
Tensile modulus (GPa) ISO527 3.9 3.7 3.7
Tensile elongation (%) ISO527 25 40 45

Izod impact strength (kJ m %) ISO180/A 5.0 6.5 7.5

Piston

'Heéﬁng
cylinder

Figure 1 Gottfert capillary rheometer. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Melt spinning

The PEEK melt-spinning system was based on a
modified Gottfert Rheograph 6000 capillary rheome-
ter, which can be seen in Figure 1. It is a piston-
based system with a maximum temperature of
400°C and volume of about 26 cm®. The barrel is 12
mm in diameter and 230 mm in length. The maxi-
mum length of the capillary used is 30 mm, and its
typical diameter is 1 mm. It is possible to manufac-
ture only monofilaments with the system. The
filament winding motor unit is located under the
capillary and has a maximum speed of about
350 RPM. The roll used in the winder has a diameter
of 87 mm, giving a fiber production rate of roughly
100 m/min at full motor speed.

The limit of spinnability was evaluated experi-
mentally. Step by step, the piston speed (fiber diam-
eter) was decreased until the limit was found. If the
fiber did not break in 1 min, the process was esti-
mated to be stable. If this was not the case during
the first five trials then the limit was found.

Characterization

Differential scanning calorimetry (DSC) tests were
carried out in a Netzsch DSC 204 F1 heat-flux DSC.

Journal of Applied Polymer Science DOI 10.1002/app



1566

All the tests were carried out in nitrogen atmos-
phere. This corresponds to the melt spinning condi-
tions used, as PEEK is not in contact with oxygen in
the closed barrel. During the conventional DSC test,
PEEK was heated from room temperature to 400°C,
then cooled down to room temperature and then
heated once more. The heating/cooling rate was
20°C/min. The PEEK sample was also kept at con-
stant 400°C temperature in a DSC analyser for about
18 h to see whether it degrades thermally. The ther-
mogravimetric analysis (TGA) tests were made with
a Perkin-Elmer TGA 6. The PEEK samples were
heated in a nitrogen atmosphere at a rate of 10°C/
min from room temperature to 1000°C.

Capillary rheometer tests were made with the
same Gottfert Rheograph 6000 capillary rheometer
which was used in the melt spinning. During the
rheometer tests a 30/1-mm capillary was used. Test
runs were carried out from low to high shear rates
and then back. A 140-MPa pressure sensor was used
during the tests. The Rabinowitsch correction was
made to the capillary rheometer data. The Bagley
correction could not be made because only one cap-
illary was used during the capillary rheometer tests.

Rotational rheometer characterizations were carried
out with Anton Paar Physica MCR 301 equipment.
Tests were carried out with plate-plate geometry in a
nitrogen atmosphere. The used tests were constant
shear rate tests from low to high shear rates.

The mechanical testing of the filaments was made
according to the standard ISO 5079:1995 “Textiles
fibres—Determination of breaking force and elonga-
tion of individual fibres” by using Lenzing Vibros-
kop and Vibrodyn. Instead of the recommended 50
measurements, only 20 were done because PEEK is
a synthetic fiber and causes problems with the
Vibroskop. First, the Vibroskop was used to deter-
mine the Tex number and then the same fiber was
stretched until breaking. The advantage of meas-
uring the Tex number first is that more accurate
data are obtained because fiber cross-sectional den-
sity is known.

A conventional optical microscope was used to
measure the fiber thickness at x1000 magnification.
A bunch of fibers was spread onto the microglass
plate, and by using the microscopes rotating meas-
uring scale the filament diameter could be read. The
diameters of total of 60 individual fibers were meas-
ured, to ensure reproducibility. A Philips XL30
scanning electron microscope (SEM) was used to
investigate the morphology of the produced PEEK
filaments.

Theoretical calculations

The piston speed in the Gottfert capillary rheometer
can be controlled by a computer in a fairly accurate
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manner. The control program calculates the shear
rate for different capillaries and piston speeds.

Mass throughput (Mmroughput) can be calculated
from the piston speed (v) if the material density is
known, using Eq. (1)—PEEK’s melt density (p)
varies as a function of temperature and pressure,
which makes the calculations for exact mass
throughput difficult. Therefore, the density’s litera-
ture value for solid PEEK (1.32 g/cm’) has been
used, which may cause some inaccuracy. Barrel
radius (r) is 0.6 cm. The unit for vpison is (cm/s),
barrel radius is (cm), and for M roughput (g/min).

2 .
Mhroughput = Upiston * T * Tparre * P * 60s/min (1)

The theoretical fiber diameter can be expressed as
a function of the piston speed. The very simplified
formula for fiber diameter in the system used is:

@ = 0.30 (mm/s)"® * (Vpiston) 2)

where the fiber diameter O is in mm, and vpiston in
mm/s. A more detailed formula can be found in
Reference 15.

The Tex number is commonly used to measure
sizes in linear and continuous products such as
cables and fibers. It is a measure of linear mass den-
sity. One tex is the mass in gram for a 1000-m-long
filament, and it is commonly regarded as the fiber
fineness. Decitex is also used, it is the mass in grams
for a 10,000-m-long fiber. The decitex-number can be
expressed as a function of the fiber diameter if the
density of the material is known. In the calculations,
PEEK’s density of 1.32 g/cm® has been used.

dtex = 250,000 % @2 * 7 % p (3)

The unit of dtex is (g/10,000 m), & (cm), and p
(g/cm?).

RESULTS AND DISCUSSION
Thermal characterization

Before starting the fiber spinning tests, the PEEK
grades were characterized thoroughly. Theoretically
PEEK should have excellent thermal properties, and
the thermal characterization techniques DSC and
TGA were used to verify this. These thermal tests
were done on the grades 151G and 381G.

A conventional DSC test, where the temperature
changes at a constant rate, shows that both grades
have good and almost similar thermal properties
(Fig. 2). This is in line with the literature data pro-
vided by Victrex.'* The peak melting temperature is
around 340°C. The curves for the first and second
heating are almost similar, so there is no evident



PROCESSING PARAMETERS AFFECTING PEEK’S SPINNABILITY 1567

2.00

1.00 |

0.00 |

e LTy b 4 1 P

[mW/mg]

-3.00 * ’ -
] 50 100 150 200 250 300 350 400

Temperature [°C]

------ 151G 1st heating ====151G cooling down 151G 2nd heating

------ 381G 1st heating ====381G cooling down

381G 2nd heating

Figure 2 DSC scans for grades 151G and 381G. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

thermal history, and no thermal degradation occurs
during the measurements. Victrex recommends the
minimum processing temperature to be 360°C, and
according to the DSC tests, PEEK is completely
melted at this temperature.

A DSC test where the PEEK grades 151G and
381G were kept under nitrogen atmosphere at 400°C
for 18 h did not show any signs of thermal degrada-
tion, because the curve is a flat line. This is impor-
tant because during the processing in the equipment
PEEK may stay for hours at high temperatures in
the barrel. Thermal degradation would worsen the
mechanical properties and make fiber spinning more
difficult or even impossible. This thermal stability is
in line with the expected thermal stability for PEEK.

TGA test data in Figure 3 also shows the excellent
thermal properties of PEEK. PEEK’s mass remains
the same up to a temperature of 550°C for both
grades. For some reason, grade 381G loses mass
faster than grade 151G at temperatures higher than

110
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Figure 3 TGA test for grades 151G and 381G. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 4 Capillary rheometer test at 400°C for grades 151G,
381G, 450G, and 704. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

700°C, but this difference is not significant in the
applications for PEEK fibers. At 1000°C, 40% of the
mass of PEEK’s grade 151G is still left, which must
be considered remarkable for an organic plastic
material.

Rheological characterization

Viscosity tests at 400°C were made on all four PEEK
grades and at the same time, the rheological behav-
ior in the melt spinning was also evaluated. Figure 4
shows that the viscosities of grades 381G and 450G
are almost similar. This is not surprising considering
that the grade number indicates viscosity at 400°C
temperature and 1000 1/s shear rate according to
the Victrex own test TM-VX-12."* The viscosity of
grade 151G is therefore considerably lower. The
grade number does not correlate with the viscosity
of the powder grades, in fact the viscosity of grade
704 is the lowest of the used grades. Because of its
powder form, it was very difficult to load grade 704
into the rheometer barrel. The powder got stuck into
the barrel walls, and during the measurement, the
piston had difficulties to move. Therefore, the test
results with grade 704 are inconsistent at least with
small shear rates, and the test was not repeated.
Capillary rheometer tests were carried out from
low to high shear rates and then back. The obtained
results give very similar data regardless of the direc-
tion of the measurement. The high viscosity grades
381G and 450G have more shear thinning effects
than the low viscosity grade 151G. Fiber spinning
tests are done at very small shear rates, so the differ-
ences in viscosities are in fact greater than the differ-
ences in the manufacturer’s theoretical values.
Additional viscosity tests were made on grades
151G and 381G (Fig. 5) which seem to be the best
candidates for fiber spinning. Grade 704 was not
tested because of its powder form and grade 451G
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Figure 5 Capillary (CR) and rotational rheometer (RR)
tests at different temperatures for grades 151G and 381G.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

was left out of the testing because it is very similar
to grade 381G. Grades 151G and 381G were tested at
three different temperatures with a capillary and
also with a rotational rheometer. Very small shear
rates are difficult to test with a capillary rheometer,
and therefore, a rotational rheometer was used.

The results show that the used PEEK grade affects
viscosity more than temperature. PEEK grade 381G
has a higher viscosity at 400°C than 151G has at
365°C. Shear thinning of grade 381G begins at signif-
icantly low shear rates compared with grade 151G.
Values measured with the capillary rheometer are a
little higher than those measured with the rotational
rheometer at the same shear rates. One reason for
this is that the capillary rheometer tests were made
with only one capillary, and therefore, the Bagley
correction could not be made. The second possible
reason is the melt fracture effect that happens at
high shear rates with the rotational rheometer. This
is evident at least with grade 381G at shear rates
higher than 20 1/s.

Fiber spinning

Four PEEK grades were initially used in the experi-
mental study, and according to the preliminary tests,
one of these grades, 151G, was selected for the
large-scale melt spinning experiments. The decision
was based not only on fiber properties but also on
the ease to load and clean the material. The spinning
properties of the grades can be found in Table II. To
find the optimal melt spinning parameters, a rather
extensive experimental program is necessary to do,
and therefore the chosen PEEK grade should be not
only easy to spin but also easy to load into the barrel
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and clean afterwards, to minimize the time for the
trials.

The differences between fiber properties (mini-
mum fiber diameter) were so remarkable that very
precise tests for all grades were not needed. The
powder grade 704 was almost impossible to load
into the barrel, which is unfortunate because it
seemed to give fibers with very good properties.
Preliminary tests indicate that good fiber properties
are related to low viscosity because lower viscosity
grades seemed to have better spinnability. Lower
viscosity grades were also easier to clean afterward
because they did not stick tightly to the piston and
barrel walls.

Testing of all possible process parameter combina-
tions would not have been possible for practical
reasons. Therefore, it was decided to first evaluate
the more important parameters and then use the
obtained results in subsequent experimental work.
The importance of a parameter was estimated by the
preliminary tests and data obtained from the litera-
ture review. The order of the parameters tested was
the material grade, processing temperature, capillary
dimensions, and the length of the spinning path.
The results can be found in Table IIL

As the preliminary tests showed, low-viscosity
grades have much better spinnability compared to
high-viscosity grades. The differences in average fil-
ament diameter are significant. The best fibers
achieved with grade 381G were 39 um in diameter
and for grade 151G 19 pm in diameter.

The first actual processing parameter tested was
the processing temperature. As mentioned in the
introduction, an increase in processing temperature
should improve spinnability and according to our
tests, this is really the case. The best processing tem-
perature was 400°C. However, the improvement is
rather small compared to processing at 385°C. At
370°C, it was difficult to get the process stable at all
because the fiber diameter varied all the time. At
higher temperatures, this problem was not visible to
the naked eye.

The second tested parameter was the capillary
dimensions. There are a lot of combinations for cap-
illary diameter and length. Unfortunately, there
were several problems especially with short capilla-
ries. The only suitable capillary length turned out to
be 30 mm, which is the longest possible in the sys-
tem used. Spinning with shorter capillaries was

TABLE II
Grade Selection Table
Grade 151G 381G 450G 704

Fiber properties Good
Loading Easy Easy Easy
Cleaning Normal Difficult  Difficult

Moderate Moderate Very good
Very difficult
Normal
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TABLE III
Spinnability in Different Processing Parameters

Grade 381G 151G 151G 151G 151G 151G
Temperature (°C) 400 400 385 370 400 400
Capillary diameter (mm) 1.0 1.0 1.0 1.0 0.75 1.0
Length of the spinning path (cm) 40 40 40 40 40 5
Shear rate (1/s) 19.0 4.6 4.8 7.9 18.0 4.0
Lowest stable piston speed (mm/s) 0.0165 0.0040 0.0042 0.0069 0.0066 0.0035
Theoretical mass throughput (g/min)™® 0.15 0.036 0.038 0.062 0.059 0.031
Theoretical diameter (um)® 39 19 19 25 24 18
Theoretical tex-number (dtex)® 15.4 37 3.7 6.5 6.2 33

impossible because the process was stable for only a
few seconds at best. The reason for this is most
likely the high temperature air PEEK encounters
when using short capillaries. If a full-length capillary
is not used then PEEK comes out inside a hot tube
(the capillary is inside the barrel). The second prob-
lem was the gravitational self-flow of PEEK when
using very large capillaries (>1 mm). With a 1.5 mm
capillary, the process was stable without the piston
movement. Therefore, only two capillaries were
tested: 1.0 and 0.75 mm. Spinnability turned out to
be considerably better with a 1.0 mm capillary.

The third tested parameter was the length of the
spinning path. Normally, the spinning path is sev-
eral meters long, but there was not much room
under the capillary in the used experimental setup.
Therefore, spinning path length could not affect the
spinnability in the system used significantly. Most of
the tests were made with a 40-cm spinning path, but
one test was made with very short spinning path
and it improved spinning stability even further.
Very thin fibers cool down rapidly, so very short
spinning paths can be used.

As a conclusion, the best processing parameters in
the system used were the 400°C processing tempera-
ture, 30/1 mm capillary, and very short spinning

Figure 6 Spun PEEK filaments. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

path. The best spun fibers were 18 um in average di-
ameter. According to these tests, process optimization
should be started from the material grade, because it
affects more to the viscosity than any other parameter.
Mass throughput of grade 381G had to be increased
by 317% to get the process as stable as grade 151G is
in similar spinning conditions. Processing tempera-
ture should be above 385°C because then the increase
in stable mass throughput is only 6% from 400 to
385°C but 72% from 400 to 370°C. Changing capillary
diameter from 1 to 0.75 mm worsens spinnability
nearly as much as decreasing temperature from 400 to
370°C. The length of the spinning path is the least im-
portant of these processing parameters because the
increase in stable mass throughput is only 16% from 5
to 40 cm. In industrial scale systems, the spinning
path is longer thus affecting more to the spinnability.
Obtained spun PEEK fibers can be seen in the optical
micrographs in Figure 6. The optical microscope con-
firms the huge variations in fiber thickness, the aver-
age being 25 pm and the standard deviation 5.2 pm.
The minimum detected value was 14 um and maxi-
mum 36 um. Variations can also be seen in the more
detailed SEM micrograph in Figure 7.

Mechanical properties and fineness

The obtained filaments were tested to evaluate their
fineness and tenacity. For the mechanical tests, a

Figure 7 SEM photo of PEEK fibers.
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sufficient amount of 25-um diameter fiber was man-
ufactured according to the otherwise optimal proc-
essing parameters (Victrex 151G, 400°C, 30/1 mm,
5 ¢cm, and 100 m/min). The following can be con-
cluded from the test data: The obtained fiber diame-
ter is not homogenous, as Tex numbers vary from
3.1 to 9.9 dtex, with an average of 6.2 dtex. The ten-
sile strength for the filaments is 2.2 cN/dtex, corre-
sponding to about 280 MPa (ratio is 100p). This is
slightly below the expectations based on previously
reported studies made with PEEK. The standard
deviation of tensile strength is very small, only 0.24
cN/dtex, which indicates good experimental repro-
ducibility. Elongation at break, however, varies
more, the average being 150%, which is much more
than anticipated. It is evident that thick fibers have
higher elongation at break. This could mean that
there is a limit in thickness near 10 pm where PEEK
fibers break. Fiber parts that have stretched rela-
tively more during the winding cannot stretch more
during the tensile testing and vice versa. Young's
modulus at 1% elongation is higher with thinner
fibers, the average being about 19.7 cN/dtex (2.6
GPa).

The Victrex grade 151G has a very low viscosity
probably as a result of a small molecular weight.
This means that many of the mechanical properties
are inferior compared to higher viscosity grade
PEEK’s.'® Another reason for the low mechanical
properties is the low degree of crystallisation of
PEEK fibers measured by a DSC test (at 100% crys-
tallization level AHy = 130 J/g)."” According to this
DSC test, 25 um fiber had only 11% degree of crys-
tallization which is very low compared with the the-
oretical maximum of about 40%. Golzar’s tests show
that increasing the take-up velocity or decreasing the
mass throughput increases the degree of crystalliza-
tion.” In the spinning system used, the bottleneck is
the spinning motor which is not capable of higher
take-up speeds than 100 m/min.

CONCLUSIONS

Fiber spinning of PEEK is relatively easy despite the
high melt temperatures needed. The results of ther-
mal tests confirm the very unique thermal properties
of PEEK polymers. During the fiber spinning tests,
the best achieved fibers were 18 pum in average di-
ameter. There are several processing parameters
affecting the limits of spinnability. The most impor-
tant parameters were estimated to be viscosity
related; material grade and processing temperature.
Spinnability improved when the material viscosity
decreased. However, viscosity could not be
decreased limitlessly, because at some point, PEEK
started to flow out from the capillary faster than pis-
ton moved.
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The biggest drawbacks of the melt spinning sys-
tem were related to Gottfert’s structure which is
designed for viscosity measurements, not for fiber
spinning. A typical conventional spinning line can-
not be used with PEEK because of the high process-
ing temperatures needed. The biggest downside of
the system used is the resulting high variations in
obtained fiber thickness. This most definitely affects
the limits of spinnability because the thinnest fiber
parts were about 10 pm in diameter. The second rea-
son for the big variations may be the motor system
used. Although easy to control and use, it is still a
bit old-fashioned. The requirements for very thin fil-
aments are high and they do not allow any rough
acceleration.

If the setup were to be optimized further then the
first step would be a new motor system. The struc-
ture of Gottfert cannot be changed, except by replac-
ing the used capillaries with capillaries of another
size. However, a basic problem with process is the
absence of mixing, which is present in all piston
type melt spinning systems.

One important processing parameter which could
not be tested in this study was the windup motor
speed’s effect on the limits of spinnability. The
motor system used had no RPM screen and there-
fore had to be used at full speed. Further and more
precise experimental trials would require a more
advanced motor system such as a precise AC servo
motor.'® It would also be useful to know the me-
chanical properties of fibers of a same diameter
manufactured at different take-up velocities.

The authors express their gratitude to Enrico Fatarella who
provided some of the PEEK grades for testing, the Labora-
tory of Fiber Material Science at Tampere University of Tech-
nology for providing the windup spinning motor, Sinikka
Pohjonen for thermal characterization, Jyri Ohrling for help
during the spinning tests, and all the other people who con-
tributed in some other way.
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ABSTRACT

The effects of UV irradiation on polyetheretherketone (PEEK) fibres were investigated in this study. PEEK
fibres were manufactured with a melt spinning system and then artificially aged with simulated solar UV
light. Fibres were then characterized by mechanical tests, Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), rheology, thermogravimetric analysis (TGA) and scanning elec-
tron microscopy (SEM). PEEK, best known for its excellent thermal stability, suffered greatly from the
effects of UV irradiation. The low UV stability manifested as embrittlement of the fibres in the me-
chanical tests, increased crosslinking rate in the rheological tests, formation of carbonyl and hydroxyl
groups and changes in the nature of the carbon—hydrogen bonds in the FTIR, diminished thermal
properties in TGA, and transverse cracks in the SEM photos. DSC was found to be an inaccurate technique
for estimating the degradation level of PEEK fibres, whereas the carbonyl index measured by FTIR was
found to be the most convenient technique.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

UV irradiation of polymeric materials is an important area of
research since many polymers must withstand extended outdoor
exposure. Long exposure to UV light causes polymers to degrade,
which can be observed as discolouring, embrittlement, loss of
mechanical properties and therefore a greatly shortened product
lifetime [1—5]. The study of speciality and high performance poly-
mers has gained more interest because their degradation behav-
iour, which often occurs only in extreme conditions, is not as well
studied as that of commodity plastics [6—9].

Polyetheretherketone (PEEK) is a linear, aromatic, semi-
crystalline and rather expensive thermoplastic (Fig. 1). It has
excellent thermal properties and chemical resistance, low flam-
mability, low water absorption and good radiation resistance.
Because of these properties, PEEK is commonly used in high-tech
applications such as space products, medical devices, and as a
metal replacement [10,11]. Commercial PEEK fibres can be found in
process belting, filtration mesh, wiring harnesses, strings, threads,
and composites [12]. PEEK has a high processing temperature of
360—400 °C, which limits the processing possibilities because

* Corresponding author. Tel.: +358 401981683.
E-mail address: ville.myllari@tut.fi (V. Myllari).
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typical extrusion or injection moulding equipment is not capable of
withstanding temperatures that high.

Most degradation studies of PEEK have concentrated on the
high-temperature thermal behaviour [ 13—16] since PEEK has one of
the highest continuous use temperatures (260 °C) among plastics.
UV degradation of PEEK has been studied primarily from the
chemical point of view [8,17—19] and studies of its mechanical
properties are not as common |[7]. Studies of the UV resistance of
PEEK fibres were not found in the literature. Polymer fibres often
have special characteristics in properties like mechanical strength,
sample thickness, and polymer chain orientation, which makes
testing of fibre form samples desirable [20—23].

PEEK, like most linear polyaromatics, degrades under UV irra-
diation [7,9,24]. As an aromatic chain polymer PEEK absorbs prac-
tically all UV radiation of wavelengths under 380 nm [8]. As the
incident solar spectrum begins at 290 nm, natural UV radiation is
strongly absorbed by PEEK generating photochemical oxidation
reactions. Photooxidation forms products in the polymer sample
that extend its light absorption well into the visible region, leading
to an observable yellowing caused by the absorption of blue light
and further accelerating the rate of photodegradation. UV light
induced ageing is a major factor affecting the lifetime of PEEK
products, and it can also cause great economic losses.

This article will concentrate on artificial UV testing of fibre form
PEEK samples. UV testing of fibres has many advantages when
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Fig. 1. The chemical structure of PEEK.

compared to the more commonly used sheets or tensile testing
specimens. Fibres have a high surface area to volume ratio, which
makes ageing faster because the chemical reactions occur primarily
in the surface layer. Samples were irradiated for 0—1056 h, after
which the mechanical properties, DSC, TGA, FTIR, SEM and
rheology were measured. Rheology is rarely used for studying the
ageing of materials, but provides useful information on degradation
behaviour like relative amounts of competitive chain scission and
crosslinking reactions [25—27]. The goal of this article is to use a
wide range of characterization techniques to measure changes in
the fibres and estimate the suitability of the techniques for the
study of photodegraded PEEK fibres.

2. Experimental
2.1. Samples and irradiation

Samples were made of Victrex (Lancashire, UK) PEEK grade
151G. This is a semicrystalline, easy flow grade with no inherent UV
stabilizers. PEEK fibres were manufactured by a melt spinning
process using a Gottfert Rheograph 6000 to melt and pump the
material. The processing temperature was 380 °C, capillary di-
mensions 30/1 mm and piston speed 0.5 mmy/s. Fibres were drawn
by gravity because the use of a spinning motor would have led to
unnecessarily small fibre diameters. The final diameter of the fibres
was very homogenous at 410 + 10 um.

The UV irradiation chamber (1260 x 710 x 450 mm) has four Q-
Lab UVA-340 fluorescence lambs with peak intensity at 340 nm.
Irradiance of the UVA-340 lambs corresponds well with sunlight in
the critical short wavelength region [28]. The oldest lamp was
changed every 400 h so the total working life of the lamps was
1600 h. The UV irradiation chamber was characterized using Ben-
tham DM150 double-monochromator spectroradiometer equipped
with measurement head UV-J1002 from CMS Schreder. The
chamber was symmetrically divided into nine measuring points
and the average of these was used. The focal plane of the mea-
surement head was approximately at the height of 16 cm from the
bottom. The dose rate at the UVB range (290—315 nm) was 0.7 W/
m?, at the UVA range (315—400 nm) 12.1 W/m?, and at the visible
range (400—600 nm) 3.1 W/m?.

For the UV irradiation tests, PEEK fibres were cut and taped to a
600 x 400 mm frame. PEEK samples were kept in the chamber for
0, 144, 384, 720 and 1056 h so that both sides of the samples were
irradiated for the same amount of time. The corresponding total
doses were 0, 8250, 22,000, 41,300 and 60,500 kJ/m?. Temperature
of the UV chamber was 33 °C.

2.2. Measurements

The tensile testing of the fibres was made with an Instron 5967
according to the standard ISO 5079:1995. The initial length was
20 mm and the drawing rate 20 mm/min. Instead of the

recommended 50 measurements, only 10 samples per irradiation
time were measured due to the long duration of the testing pro-
cedure. The modulus was calculated by the software using linear
regression techniques according to the standards EN10002 and
ASTM ES8. Tests were made with a 2 kN power shell.

FTIR measurements were made with a Bruker optics tensor 27
using ATR (attenuated total reflectance) mode. Samples were tested
between 400 and 4000 cm™!, using 16 measurements and resolu-
tion of 4 cm~!. Measurements were made using four parallel fibres
and the average of five measurements was used to minimize errors.
The data was baseline corrected using the average absorbance of
3800—4000 cm™! as a reference. The carbonyl index was calculated
as the ratio of the aged and unaged peak intensities at 1716 cm~ L To
calculate the peak areas for the crystallization measurements, the
baseline corrected FTIR data was integrated using OPUS software.

DSC tests were carried out in a Netzsch DSC 204 F1 heat-flux
DSC. All the tests were performed under nitrogen atmosphere.
During the DSC tests, materials were heated from room tempera-
ture to 400 °C, then cooled to room temperature and heated once
more. The heating/cooling rate was 20 °C/min. To minimize errors
each fibre was measured 5 times.

Oscillatory shear measurements within the linear viscoelastic
range were carried out on the samples using an Anton Paar Physica
MCR 301 rheometer. All the experiments were performed under a
nitrogen atmosphere using a 25 mm plate—plate geometry. The
measuring points with decreasing frequency in the angular fre-
quency range of 0.1-562 rad/s were recorded at 380 °C.

TGA tests were made with a PerkinElmer TGA 6. Samples were
heated from room temperature to 995 °C in synthetic air (20% O,/
80% N) and nitrogen (100% N,) with a heating rate of 10 °C/min.

A Philips XL30 scanning electron microscope (SEM) was used to
investigate the morphology of the PEEK fibres. The fibres were
broken with liquid nitrogen for the transverse investigations.

3. Results and discussion
3.1. Tensile properties

Breaking strength, yield strength, and Young's modulus
decrease only a little as the irradiation time increases (Table 1).
Fibres irradiated for 1056 h lost approximately 5—15% of their
original strength and elastic modulus. These changes are small
when compared to the changes in their elongations, because 1056 h
irradiated fibres became brittle and lost 96% of their original
elongation at rupture. Pristine PEEK fibres were very ductile with
over 300% elongation at rupture. The changes in the elongations at
rupture are fairly linear on a logarithmic scale as can be seen in
Fig. 2. An exponential trendline gives R?>-value of 0.87.

The relative variance in the elongations is the highest in the
medium aged (144 h, 384 h and 720 h) samples. UV irradiation
causes chain scission reactions in the polymer chains which has a
special significance in the fibres since they have a high degree of
orientation. In pristine PEEK the polymer chains are untouched,
thus the elongation at rupture is high and the variance relatively

Table 1

Tensile properties of UV irradiated PEEK fibres.
Time [h]  Yield strength  Tensile strength at  Elongation at  Modulus

[MPa] rupture [MPa] rupture [%] [MPa]

0 832 +20 876+ 1.9 311+9 2340 + 55
144 80.5 + 1.0 78.6 + 0.8 173 + 25 2290 + 95
384 787 + 1.5 780+ 1.3 137 + 23 2400 + 71
720 796+ 1.0 744 +1.0 49+ 8 2200 + 50
1056 778 +2.0 723 + 1.6 131 1980 + 80
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Fig. 2. Elongation at break on a logarithmic scale for UV irradiated PEEK fibres.

low. UV irradiation starts randomly breaking off the polymer chains
leading to a rapid decrease in the rupture elongation. Existing flaws
then induce new flaws at an increasing rate. The high variance in
the three medium aged samples can be explained statistically. If a
sufficient amount of material flaws are concentrated into a single
area in any part of the fibre, then it leads to a rupture. In the 1056 h
irradiated samples the amount of deterioration is so large that the
fibres inevitably rupture very early, which decreases the variance.
Some of the variance can be explained by the spinning equipment
[29]. There is no mixing in the capillary rheometer which can cause
problems in the material homogeneity. Typical tensile testing
curves for different samples can be seen in Fig. 3.

Previous mechanical tests for PEEK sheets have shown that
photodegradation does not have a significant effect on the yield
strength of PEEK and it can even initially increase because of
crosslinking and hardening of the material [7,24]. Also, the
embrittlement of the material was previously noted with similar
magnitudes to what was measured in our tests [7].

3.2. FTIR

The most profound change in the IR spectra of UV irradiated
PEEK is the formation of the carbonyl group absorption peak
(Fig. 4), with a maximum at 1716 cm~' and numerous shoulders
indicating that several different carbonyl species (aldehydes,
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Fig. 3. Typical tensile testing curves for UV irradiated PEEK fibres.
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Fig. 4. FTIR spectrum of UV irradiated PEEK fibres in the carbonyl region.

carboxylic acids and esters) are formed. Another typical change is
the formation of the broad hydroxyl group absorption peak (Fig. 5),
at 2800—3700 cm~! with a maximum at ~3230 cm ™ In addition
the two bands at ~3050 cm™! that correspond to the stretching
C—H vibrations of phenyl groups decrease, indicating the opening
of aromatic groups due to photodegradation.

The carbonyl index is one of the most used metrics in the study
of polymer degradation. This is primarily due to the fact the
chemical degradation products often contain carbonyl groups with
high extinction coefficient, that makes their peaks very distinct in
the FTIR-spectra. Since degradation reactions initially occur in only
a thin layer of the sample, the increase in the concentration of
carbonyl groups can often be observed well before the mechanical
properties change. The carbonyl index of PEEK fibres, shown in
Fig. 6, rises with increasing irradiation time. The carbonyl index
rises almost exponentially between 144 and 384 h, after which the
rise continues at a much slower pace. This indicates a large number
of carbonyl groups forming during the photodegradation of PEEK.

The rise of the aliphatic methylene group vibrations (symmetric
CH3-stretching at 2853 cm™! and anti-symmetric CHz-stretching at
2922 cm™ ') and the lowering of the CH-stretching vibration of the
aromatic rings (at 3065 cm ') are clearly visible in Fig. 5. This result
indicates that the photodegradation of PEEK fibres leads to a loss in
aromaticity due to a ring breaking reaction. The relative changes of
the absorptions are presented in Fig. 7.
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Fig. 5. FTIR spectrum of UV irradiated PEEK fibres in the hydroxyl region.
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Fig. 6. Carbonyl index of UV irradiated PEEK fibres.

Previous studies have shown that the degree of crystallinity and
the ratio of certain IR absorption peaks have a linear relationship
[30,31]. Chalmers et al. [30] reported that the ratios of the peak
intensities at wavenumbers 1305 cm~!/1280 cm™! and 970 cm™!/
952 cm~! increase as the degree of crystallinity increases. Jonas
et al. [32] later discovered that the peak 965 cm ™! is not suitable for
determination of crystallization degrees above 15%. The ASTM
F2778 standard uses the peak intensities at 1305 cm~' and
1280 cm™! to determine the degree of sample crystallinity [33].

Several authors have studied the determination of the degree of
crystallinity of PEEK by different techniques. Specular reflectance
FTIR (R-FTIR) is commonly considered the best technique for the
task [31,34,35]. Also wide-angle x-ray scattering (WAXS) can be
used for unfilled grades but is slower and may need complex curve
fitting techniques to obtain the degree of crystallinity [34]. It has
the advantage of measuring the crystallinity from the whole sam-
ple thickness rather than only the surface as in R-FTIR. DSC has been
shown to be inaccurate in measuring the degree of crystallinity of
PEEK although it is a commonly used technique [34].

ATR-FTIR is a very simple and common technique used to
measure the degree of crystallinity of PEEK [31]. It has received
criticism due to its poorer absorption intensity and repeatability
when compared to R-FTIR [35]. In this study, the PEEK crystallinity
was measured using ATR-FTIR (Fig. 8) and the results were
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Fig. 7. Methylene CHs- and aromatic CH-stretching vibration changes as a function of
irradiation time.
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Fig. 8. Absorbance ratio 1305 cm~'/1280 cm~! measured by FTIR to estimate the
degree of crystallinity of PEEK.

compared with the DSC crystallinity measurements (Table 2). Both
techniques indicate that photodegradation causes no major
changes in the degree of crystallinity. DSC measurements give
35—36% degree of crystallinity for all samples, but this value should
be considered with caution because of the previously mentioned
limitations.

3.3. DSC

The glass transition temperature of PEEK rises quite linearly
with increased irradiation time in both heating runs (Table 2 and
Fig. 9). During the photodegradation Ty is usually larger than Tg;.
This is expected since the glass transition temperature of a polymer
is caused by a change in the mobility of the amorphous regions. The
photodegradation process induces crosslinking in the amorphous
regions, limiting the mobility and free volume of the polymer
chains. In the first heating run these tensions lower the energy
required to cause the glass transition process because the polymer
chains relax to lower tensions exothermically. During the cooling
cycle the polymer crystallizes to a relaxed morphology, causing an
increase in the temperature required to cause the glass transition.

According to the DSC tests, UV irradiation does not affect the
polymer crystallinity and melting point of the PEEK fibres tested.

3.4. Rheology

The results of the rheological tests in Fig. 10 show a steady in-
crease in the zero shear viscosity with increased irradiation time.
The amount of shear thinning increases during the irradiation so
that the pristine PEEK samples have the lowest viscosity at low
angular frequencies and the highest viscosity at high angular
frequencies.

Table 2

The results of DSC scans for UV irradiated PEEK fibres.
Time  Crystallinity Ty [°C] T2 [°C) Tm1 [°C] T2 [°C]
[h] [%]
0 36.0 + 0.5 1436 +09 1447 +1.1 3429+04 3409 +0.1
144 364 +0.3 1458 +0.5 1484 +09 3426+02 341.2+0.1
384 353+04 1459 +2.0 146.0+13 3422 +0.1 3405 +0.1
720 359+03 1471 +14 146.0+ 08 3428 +0.1 340.7 +0.1
1056 354 +05 1493 +13 1513 +22 3430+02 3406+02
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Fig. 9. Glass transition temperatures of UV irradiated PEEK fibres.

The zero shear viscosity of PEEK increases due to the cross-
linking that was also evident in the tensile tests and in DSC scans.
As previously mentioned, UV- or ion irradiation has been shown to
increase the glass transition temperature because of crosslinking
[36—38].

The Cole—Cole plot is an old but often used experimental
rheological model that can be used to study the changes in polymer
morphology [25,26,39].

a o) = n0
1+ (iwig)' ™"

where 7" is the complex viscosity, w angular frequency, 19 zero
shear viscosity, Ag average relaxation time and h parameter of the
relaxation-time distribution. This model predicts that the »” versus
1’ curve (where 1" is the imaginary component of the complex
viscosity and 1’ the real component) is an arc of a circle in the
complex plane and that the extrapolated crossing point of the arc
and the real axis is the zero shear viscosity 7. The zero shear vis-
cosity 1o and the molecular weight M, have a well-known power
law connection [40]
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Fig. 10. Complex viscosity of UV irradiated PEEK fibres.
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Fig. 11. Cole—Cole plot for UV irradiated PEEK fibres.

which means that changes in the arc radius correspond to changes
in the molecular weight. According to the Cole-Cole-plot of PEEK,
shown in Fig. 11, the crosslinking behaviour is very dominant after
144 h of irradiation. The samples that have been irradiated for
0—384 h seem to have double distribution behaviour because a
straight line follows the arc of circle. For 720 h and 1056 h irradiated
samples the crosslinking rate is higher, with the curve being almost
a straight line from the beginning. This is a typical sign of fully
crosslinked material [25].

3.5. TGA

TGA tests were used to estimate the thermal resistance of the UV
irradiated PEEK samples. The results measured in air (Fig. 12) and
nitrogen (Fig. 13) show that even a rather short exposure to UV light
weakens the thermal resistance significantly. The decrease in mass
starts much earlier in aged samples than in pristine PEEK and
depending on the definition of the starting point of the mass loss
the difference can be up to 100 °C. The difference in the onset
temperature is much smaller, only 10—20 °C as can be seen in Fig
14.

The differences between samples are larger when using syn-
thetic air instead of nitrogen, since thermal degradation occurs
faster in the presence of oxygen. Nitrogen purging inhibits the
initiation of thermal degradation, even for photodegraded samples.

105
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B
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Fig. 12. TGA curve of UV irradiated PEEK fibres measured in air.
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Fig. 13. TGA curve of UV irradiated PEEK fibres measured in nitrogen.

The thermal properties of PEEK fibres are weakened significantly,
which indicates a lower energetic barrier for the initiation of
thermal degradation. The by-products formed in the photo-
degradation process are typically very labile radical and peroxide
compounds, which significantly lowers the temperature barrier
needed to start the thermal degradation process. One explanation
of the weakened thermal properties is also found in the rheological
tests that show significant changes in the molecular mass of the
PEEK fibres.

3.6. SEM

In the longitudinal SEM photos there are no visible cracks even
in the most irradiated 1056 h sample (Fig. 15A and B), although
there is a clear reduction in the mechanical properties. There are
some particles and roughness on the surface of the fibres, but these
are most likely impurities or scratches not related to the UV irra-
diation. However, changes are clearly visible in the transverse SEM
photo of the end face of the fibre that was cut by using liquid ni-
trogen (Fig. 15C and D). The cracks go to a depth of 20 pum which is a
significant depth in the case of fibres. Surprisingly, the cracking is
not visible in the longitudinal investigations.

Previous studies have shown that it is possible to estimate the
polymer degradation level using an optical or scanning electron
microscope in polypropylene (PP) [22,23,41]. Reconstruction of the
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Fig. 14. Onset temperatures in TGA curves for UV irradiated PEEK fibres.
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amorphous content in the surface and increased crystallization
shrinks the outer layer of the sample which leads to cracking. The
amount of cracking in PP is so significant that it is easily visible in
the longitudinal investigations. The behaviour of the PEEK fibres is
different because only transverse cracks were observed in the
1056 h irradiated sample. It is estimated that also these cracks are
born randomly as a result of the shrinkage of the outer layer of the
fibre. It is possible that longitudinal cracks would have emerged if
the ageing would have been continued.

DSC tests indicate a stable crystallization degree of 36% in all the
samples which is very close to the theoretical maximum of 40%. At
least in the case of PP the high degree of crystallinity protects the
fibres to some level from degradation and cracking [41]. PP studies
have shown that changes in the mechanical properties can be
observed before the changes in SEM photos because of micro cracks
in the material [23]. Previous studies [7], DSC, and rheological tests
have shown PEEK to harden by crosslinking, which can be
confirmed from the transverse photos. Longitudinal investigations
cannot be described as a very effective technique to estimate the
degradation level of PEEK.

4. Conclusion

According to these tests PEEK fibres should not be stored in
direct sunlight and limitations in outdoor use must be carefully
considered to avoid safety problems. A few weeks in direct sunlight
significantly increases the crosslinking rate and makes the fibres
brittle. Changes in the material properties can be observed from the
tensile tests, FTIR, TGA, SEM and rheological tests with some limi-
tations. DSC cannot be considered a good technique to estimate the
ageing of PEEK fibres. The carbonyl index measured by FTIR is a
standard technique to show the first signs of photodegradation and
is suitable for PEEK fibres as well. To observe changes in deeper
portions of the fibres TGA, rheological or tensile tests can be used.
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This paper investigates the effects of thermal degradation on polyetheretherketone (PEEK) fibres. PEEK
samples were aged at a constant temperature of 250 °C for 1—-128 days and characterized with me-
chanical tests, FTIR (Fourier Transform Infrared Spectroscopy), DSC (Differential Scanning Calorimetry),
rheology, TGA (Thermogravimetric Analysis), SEM (Scanning Electron Microscopy), and UV—Vis diffuse
reflectance spectroscopy. The short-term thermal annealing had a positive effect on the mechanical
properties, due to the formation and growth of secondary crystals. Crosslinking in the material was
verified by rheological inspections. The crosslinking increased the mechanical strength and modulus but
reduced the elongation at break of the fibres. FTIR tests showed that carbonyl and hydroxyl groups were
slowly formed on the surface of the fibres while ring opening reactions took place. The thermal ageing
reduced the thermal stability of PEEK. The decreased stability was observed in the decomposition onset
temperature after 8 d and in the melting point and the glass transition temperature after 32 d. The first
signs of degradation, crosslinking, embrittlement, and reduced thermal stability, were visible roughly

after 8 d of ageing, whereas the deterioration in general usability occurred after 64 d.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Polyetheretherketone (PEEK) is a linear, semicrystalline ther-
moplastic polymer and is probably best known for its outstanding
thermal properties. A continued use temperature of 250—260 °C
combined with excellent mechanical properties and chemical
resistance make it an excellent candidate for replacing metals in
demanding applications. A melt spinning of PEEK has been con-
ducted from the 1980's, and the spinnability of the fibres is typically
excellent [1]. The applications of the fibres are similar to those of
bulk PEEK, extreme environmental conditions where conventional
thermoplastic are inadequate. The PEEK fibres are currently used in
process conveyor belts, filters, protective braids, reinforced rubber
gaskets, industrial bristles, protective clothing, sports strings, music
strings, and thermoplastic composites [2]. The chemical structure
of PEEK is presented in Fig. 1, where a PEEK monomer is composed
of three phenyl rings, linked to each other with either a carbonyl or
ether group.

The high temperature behaviour of PEEK under both short- and
long-term exposures, as well as the decomposition products
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E-mail address: ville.myllari@tut.fi (V. Myllari).
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formed have been well characterized with different approaches and
methods, including FTIR (Fourier Transform Infrared Spectroscopy)
[3,4], TGA (Thermogravimetric Analysis) [5—7], mass spectroscopy
[8,9], UV—Vis [10], and NMR (Nuclear Magnetic Resonance) [10]
spectroscopies, DSC (Differential Scanning Calorimetry) [11—13],
WAXS (Wide Angle X-ray Scattering) [11], and mechanical tests
[12—15]. However, most of the studies have concentrated only on
one or two methods making the comparison between the results
difficult. To the best of the authors' knowledge, any systematic
studies regarding the thermal degradation of the PEEK fibres have
not yet published. Fibres have typically high degree of orientation
and crystallinity, and small diameter, which can cause differences
in results compared to other sample forms.

Initially, the thermal ageing of PEEK has many advantages.
Annealing PEEK between the glass transition (T;) and melting
temperature (Ty,) for various time periods has been studied since
the 1980's. According to the manufacturer recommendations, a
typical annealing time is 40 h at 250 °C [13]. The annealing in-
creases the crystallinity [13] and changes the crystal morphology
[12,16,17]. According to the TEM (Transmission Electron Micro-
scope) micrographs, PEEK has two populations of crystals [18]. The
annealing grows these secondary crystals, which can be observed
in the DSC scans as a minor secondary peak at a temperature a little
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Fig. 1. The chemical structure of PEEK.

bit higher than the annealing temperature [12].

The goal of this article is to study the effects of the maximum use
temperature (250 °C) on PEEK fibres using numerous comple-
mentary characterization methods. By using a long timescale, the
onset of different phenomena, whether positive or negative or
occurring on a microscopic or macroscopic scale, should be
observed during the tests. In addition, the results are compared
with our previous research on the photodegradation of PEEK fibres
[19]. This research offers valuable information for the applications
of PEEK fibres in different environments.

2. Experimental
2.1. Samples and ageing

Samples were made of Victrex (Lancashire, UK) PEEK grade
151G, a semicrystalline, easy flow grade PEEK with no inherent UV
stabilizers. PEEK fibres were manufactured by a melt spinning
process using a Gottfert Rheograph 6000. The processing temper-
ature was 380 °C, capillary dimensions 30/1 mm and piston speed
0.5 mm/s. Fibres were drawn by gravity since the use of a spinning
motor would have led to unnecessarily small fibre diameters. The
draw ratio (Vcapillary/Vfinal) Of the fibres was 5.9, resulting in a very
homogenous final diameter of 410 + 10 um.

2.2. Ageing

The samples were aged using a modified Ahma GO600 oven. The
original temperature controller was replaced with an Omron E5CN
control unit and a PT100 platinum resistance thermocouple. The
annealing conditions were Kkept stable at a temperature of
250 + 0.1 °C during the artificial ageing process. The samples were
attached to a horizontal grill attached on the same level as the
thermocouple. The aged fibres were cut from the grill so that the
fibres in close contact with metal were discarded because the high
thermal conductivity of the grill results in accelerated ageing.

2.3. Measurements

DSC thermograms were recorded with a Netzsch DSC 204 F1
heat-flux DSC. All measurements were performed under a nitrogen
atmosphere. During the DSC tests, materials were heated from
room temperature to 400 °C, cooled to room temperature, and
heated once more. The heating rate was 20 °C/min. Two samples
from each fibre were measured.

FTIR spectra of the fibres were measured with a Bruker optics
tensor 27 using ATR (attenuated total reflectance) mode in the
wavenumber range 400—4000 cm~! with a resolution of 4 cm™!
and averaging 32 scans. Measurements were performed using three
parallel fibres and results were an average of three measurements.
A baseline correction was performed using the average absorbance
between 3800 and 4000 cm™! as a reference. The carbonyl index

was calculated as the ratio of the aged and unaged peak intensities
at 1740 cm™, corresponding to a carbonyl vibration in ester groups
produced by the oxidation of carbonyl groups [3].

Oscillatory shear measurements within the linear viscoelastic
range were carried out with an Anton Paar Physica MCR 301
rheometer. All experiments were performed with a 25 mm pla-
te—plate geometry under a nitrogen atmosphere. The measuring
points with decreasing frequency in the angular frequency range of
0.1-562 rad/s were recorded at 380 °C.

TGA thermograms were recorded with a PerkinElmer TGA 6. The
samples were heated from room temperature to 995 °C in synthetic
air (20% 0,/80% N;) with a heating rate of 10 °C/min. The onset
temperature was defined as the intersection point of the extrapo-
lated baseline and the tangent of the inflection point.

The tensile properties of the fibres were tested with an Instron
5967 according to the ISO 5079:1995 standard. The initial length
was 50 mm with a crosshead speed of 20 mm/min. Instead of the
recommended 50 measurements, only 15 samples per annealing
time were measured due to the long total duration of the me-
chanical tests. The modulus was calculated using linear regression
techniques according to the EN10002 and ASTM E8 standards. A
2 kN force shell was used in the measurements.

The morphology of the PEEK fibres was investigated with a
Philips XL30 scanning electron microscope (SEM). The fibres were
broken in liquid nitrogen for transverse imaging.

UV-—Vis diffuse reflectance spectra were measured with a Shi-
madzu UV-3600 UV—Vis—NIR spectrophotometer and ISR-3100
integrating sphere. All spectra were recorded in the wavelength
range 350—750 nm.

3. Results and discussion
3.1. DCS tests

The annealing induces a secondary endotherm slightly above
the maximum use temperature of PEEK, as observed also in pre-
vious studies [12,13,16]. After 1 d of ageing this peak is at 275 °C,
shifting to higher temperature during the ageing so that it merges
with the primary melting peak for the 128 d aged samples (Fig. 2).
Melting of PEEK removes this secondary endotherm and it is not
visible during the second DSC scan due to the thermal history of the
sample being wiped in the first scan (Fig. 3). The disappearance of
the secondary peak reduces the melting endotherm area of the
128 d aged sample to almost half compared to the first scan.

The melting point of PEEK remains at 345 °C for the first 32 d of
ageing (Fig. 4). A sudden drop in Ty, is noticeable with the additional
ageing. By 128 d of ageing the Ty, is 15 °C lower, a sign of significant
degradation in the bulk of the fibres.

The glass transition temperature of the PEEK fibres increased
with the ageing (Fig. 5). According to the previous literature, this
change is caused by significant crosslinking induced decrease in the
molecular mobility [20,21]. The latter study claims that if both the
Ty and Young's modulus are increased simultaneously, this can only
be justified by the material crosslinking. Ty, (glass transition during
the second heating run) starts to increase after 16 d of ageing. Even
1 d of ageing increases Tg1 (glass transition during the first heating
run) from 148 °C to 164 °C presumably due to the formation of
secondary crystals, leading to chemical and mechanical changes in
the amorphous portions of the fibres and crosslinking induced
tensions inside the fibres.

3.2. FTIR

The most common changes in the FTIR spectrum during the
polymer degradation is the formation of an absorption band
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Fig. 4. Melting temperature of thermally aged PEEK fibres. Try during the first heating
and Ty, during the second.
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Fig. 5. Glass transition temperature of thermally aged PEEK fibres. Ty during the first
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The rise in the carbonyl index is steady, but moderate compared
to the photodegradation (Fig. 8). The carbonyl peak intensity
maximum is located at 1740 cm~! which is different from the
photodegradation study where the intensity maximum was at
1716 cm™ . This is an interesting result because it indicates that the
ageing goes through a different degradation route between the
thermal- and photodegradation and illustrates the fact that the
photodegradation of aromatic polymers rarely occurs by the well-
known hydroperoxide mechanism that is typical for aliphatic
polymers and general thermal degradation [22,23].

The good thermal stability of PEEK, and many other polymers, is
connected to aromatic groups in the molecular structure. The
repeating unit of PEEK includes three phenyl rings. According to the
FTIR tests (Fig. 9), the relative number of the phenyl rings decreases
and the number of aliphatic groups increases during ageing, which
indicate that ring opening reactions occur during ageing. This is one
probable reason for the decreased thermal stability at longer
degradation times, which is observed as a reduction in the melting
point with DSC.

3.3. Rheology

Rheology is not a commonly used tool for studying the ageing of
polymer fibres. The challenge is obtaining a sufficient volume of
fibres, up to several kilometres of length which are needed in the
case of ultrafine fibres when using a typical rheometer. On the other
hand, rheology is a powerful tool in estimating changes occurring
in the whole fibre, not just at the surface. When studying materials
degradation, rheology can be utilized to estimate which of the two
competitive reactions is dominant, the chain scission or the
crosslinking. Due to PEEK's aromatic structure, it has a tendency to
crosslink when aged with the UV light [20], which can be observed
as increased zero shear viscosity and shear thinning [19].

With regard to rheology, the thermal ageing (Fig. 10) causes
somewhat similar effects as photodegradation [19]. The zero shear
(or 0.11/s in this case) viscosity increases slowly in the early phases
of ageing and very rapidly after 16 d. Even 1 d of the thermal ageing
causes a significant reduction in the viscosity at the high angular
frequencies. This behaviour is different from the photodegradation,
where more changes occurred at low angular frequencies. The 32 d
aged sample was the last that could be measured. The 64 and 128 d
aged samples had very interesting properties, since they did not
melt during the tests (Fig. 11). Evidently, at that point the material is
highly crosslinked, behaving more like a thermoset than a
thermoplastic.
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Fig. 7. FTIR spectra of thermally aged PEEK fibres in the hydroxyl region.
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Fig. 10. Complex viscosity curves of PEEK fibres aged at 250 °C.

Relative molecular weights were estimated using the experi-
mental Cole—Cole model [24,25]. In theory, the curves should form
a circular arc where the x-axis crossing point is the zero shear
viscosity. The curves were extrapolated using 2nd degree poly-
nomial fitting, and the relative molecular weights were calculated
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Fig. 11. 128 d aged PEEK fibres after rotational rheometer measurement. The fibres
were heated 15 min at 450 °C using 50 N compression without changes in the fibre
form. The photo was taken while heating was still on.

with Equation (1) [26].
no < My, (1)

where 79 is the zero shear viscosity and M,y the average molecular
weight. The results shown in Fig. 12 indicate that a slow increase in
M, happens until 16 d, after which the crosslinking rate increases,
thus significantly increasing the average molecular weight. T, and
Ty, measured with DSC, start to change roughly at the same time
(32 d) as the increased crosslinking is observed with the rheology.
This is an expected correlation, since a high amount of crosslinking
leads to changes in the relative amounts of crystalline and amor-
phous material, directly observed as changes in the melting point
and the glass transition temperature with DSC.

34. TGA

TGA tests (Fig. 13) show that thermal ageing reduces the thermal
stability of PEEK, a result observed in the DSC tests as well. The first
significant changes are observed after 8 d of ageing. Even though
the difference in degradation onset temperature (Fig. 14) is only
13 °C between the virgin sample and the 128 d aged sample, the
curvatures of the mass loss curves are drastically different. With the
increased ageing the mass loss begins at noticeably lower
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Fig. 12. Cole—Cole plot of PEEK fibres aged at 250 °C. Calculated relative molecular
weights are within the brackets.
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Fig. 13. TGA of PEEK fibres aged at 250 °C.

temperatures. Thermal degradation causes similar effects in TGA as
photodegradation [19].

Even though the 64 d and 128 d aged samples did not melt
during the rheological investigations, they have the worst thermal
stability according to TGA. The confirmed crosslinking of the ma-
terial during the ageing evidently reduces the gap between the
material melting point and the decomposition temperature. In the
case of virgin PEEK the gap is over 200 °C but it decreases to almost
zero, like in the case of the thermosets. The loss of aromaticity that
is observed with FTIR also supports this decrease in thermal sta-
bility, since phenyl rings are much more stable than aliphatic chains
in the polymers. Both TGA and rheology give information on the
whole samples volume, not only surface, and their ability to detect
degradation in the bulk of the PEEK fibres is fairly similar. On the
other hand, FTIR method is surface sensitive, thus observing the
changes in aromaticity long before the lowered bulk thermal sta-
bility becomes visible.

3.5. Tensile properties

The tensile properties changed significantly during the first day
of ageing; the tensile strength (Fig. 15) increased from 92 to
105 MPa and the modulus (Fig. 16) from 2.6 to 2.9 GPa. The prop-
erties were unchanged within standard errors until 64 d of ageing.
The maximum values were reached after 128 d; a tensile strength of
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Fig. 14. Oxidation onset temperature of PEEK fibres measured in air.
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123 MPa and a modulus of 3.0 GPa. PEEK typically turns brittle
during the ageing. The elongation (Fig. 17) was reduced step by step
from 315 % to 8 %. An untypical testing procedure, where the
elongation was the maximum value of 15 measurements, was
chosen because of equipment limitations. A stress concentration
was generated near the jaws which often caused the fibre to break
at the yield point. The modified method turned out to be suitable in
this case. It provided a good way to estimate the elongation and
reduced the amount of measurements needed compared to the
conventional method. Typical tensile testing curves can be found in
Fig. 18.

The effect of the annealing on the mechanical properties of PEEK
has been intensively studied. According to literature, the annealing
improves both short- and long-term mechanical properties of PEEK
[12,15,18]. This was clearly visible in our short-term tensile tests as
well. Crosslinking of the material, confirmed in Section 3.3, is
another explanation for the improved mechanical properties and
reduced elongation [14,20]. On the other hand, the crosslinking is
not desirable in the case of fibres because they become very brittle,
thus reducing usability.

3.6. SEM

There are no observable changes in the SEM micrographs during
the ageing (Fig. 19). The photodegradation has been shown to cause
solidification and shrinkage of the outer layer of the fibre causing
observable cracking, but this was not evident with the thermal
degradation. This is logical considering that the thermal degrada-
tion affects the whole sample, whereas the photodegradation
mostly the sample surface.

3.7. Uv-Vis

The originally yellowish PEEK fibres turned brownish red with
the increased ageing. The diffuse reflectance spectra of the samples
(Fig. 20) show how pristine PEEK fibres mainly absorb the UV ra-
diation below 410 nm, which explains the yellow colour. With the
increased ageing, the onset of the absorption gradually moves to
higher wavelengths with an absorption band forming in the visible
region between 400 and 750 nm. The 128 d aged fibres have an
absorption onset of 550 nm, corresponding to a brownish red
colour. The colour changes are presumably due to surface oxidation
of the material, similar to what is observed during the burning of
polymers.
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Fig. 15. Tensile strength of PEEK fibres aged at 250 °C.
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Fig. 18. Typical tensile testing curves.

Since the PEEK fibres are completely opaque, the absorption of
the samples can be presented as A =1 — R, where A is absorptance
and R is reflectance. The relative changes in absorption at 500 nm
(Fig. 21) show a clear logarithmic increase in the absorption of the
PEEK fibres with increased annealing time, as illustrated by the
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Fig. 19. Longitudinal SEM photo of pristine PEEK fibre (A), transverse SEM photo of
pristine PEEK fibre (B), longitudinal SEM photo of 128 d aged PEEK fibre (C), and
transverse SEM photo of 128 d aged PEEK fibre (D).

logarithmic trend line (R?> = 0.94). The colour changes are mainly
due to the formation of conjugation of the PEEK chains and the
formation of small molecular degradation products.
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2.25
2.00
1.75
4
o 1.50
1.25
1.00 4
075 1 1 1 1 1 1 1

1 2 4 8 16 32 64 128
Time [d]

Fig. 21. Relative change in the absorbance of the PEEK fibres at 500 nm.

3.8. Comparison with photodegradation

The changes caused by thermal degradation were only partly
similar to those caused by photodegradation [19]. Both ageing
methods induced crosslinking in the material, increasing the zero-
shear-viscosity and shear thinning, and making the most aged
samples brittle. Both ageing methods also increased the mechanical
strength, more so due to thermal degradation because of the pos-
itive effects of annealing the samples. The photodegradation
increased both Tg1 and Ty but did not affect Ty,. On the other hand,
thermal ageing increased significantly Tg; due to the formation of
secondary crystals, whereas there were no observable changes in
Ty, and Ty, before 32 d of the ageing. The carbonyl index rose more
rapidly due to photodegradation compared to thermal ageing, and
the main peak was located at a slightly different wavenumber,
indicating that a different carbonyl group containing degradation
product was dominant. According to the FTIR tests, both ageing
types caused ring breaking reactions in the polymer chain. TGA
revealed reduced thermal stability, however, it was inaccurate for
quantitative analysis. SEM was not considered a good method for
studying the degradation of PEEK fibres, since no changes were
observable in the thermal degradation and only minor changes in
the photodegradation. Combining both studies, the carbonyl index
is the most accurate method to study the degree of degradation on
the PEEK fibres. It can even separate the degradation source
because the intensity maximum is located at a different
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wavenumber in the thermal and photodegradation. If no equip-
ment is available, colour changes or elongation at break can be used
as easy alternatives.

4. Conclusion

The PEEK fibres were aged 1—128 d at 250 °C. The ageing process
can be divided into four steps. The first step is the formation of
secondary crystals in the first phases of ageing. The effects of the
initial annealing are mostly positive: the mechanical strength and
modulus increase without changes in the thermal properties or
rheology. The second step occurs roughly between 8 and 16 d when
the first signs of degradation become visible mainly with the sur-
face sensitive methods, but the usability of the fibres remains good.
The crosslinking is observed with the rheology, elongation of the
material decreases, TGA demonstrates changes in the thermal
decomposition behaviour, FTIR indicates the opening of phenyl
rings, and the colour of the material is turning darker. The third
step, the reduced usability, depends strongly on the intended
application, but is located roughly between 32 and 64 d of the
ageing. The material has become highly crosslinked and brittle. The
decrease in the melting point can be measured with DSC and the
colour of the fibres has turned brown. The fourth step would have
been the degradation beyond the point of usability. However, this
would have required a longer degradation time than 128 d.
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ABSTRACT: Sulfonated polyetheretherketone (SPEEK) was synthesized via a mono-substitution reaction of PEEK in concentrated sul-
phuric acid and was blended with polypropylene (PP) in 2—-10%w/w concentration to be used for the production of photoactive ther-
moplastic products. SPEEK and SPEEK/PP blends were characterized using FTIR, DSC, TGA, NMR, rheology, SEM, and EPR. Under
UV-Vis irradiation, stable benzophenone ketyl (BPK) radicals were generated by hydrogen extraction from PP. By increasing the
amount of SPEEK in the polymer blend a linear increase in the BPK radicals was achieved according to the EPR data. DSC and TGA
tests indicated weaknesses in the thermal stability of SPEEK but according to the rheological tests this should not have a major effect
on processabililty. The optimal amount of SPEEK in the blend was obtained at 5%w/w. This concentration provided a good compro-

mise between radical concentration, material processability, and cost. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41509.
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INTRODUCTION

Good indoor air quality is important for health, comfort and
well-being. Despite the fact that a lot of efforts have been paid
for the abatement of outdoor pollutants,"™ it has been stated
that the levels of air pollution inside houses are often two to
five times higher than outdoor levels.” Typical sources for
indoor air pollution are cleaners, waxes, paints, pesticides, adhe-
sives, cosmetic products, automotive products, and hobby sup-
plies.® methods  to indoors
decontaminants are often ineffective, chemically and energeti-
cally intensive and suitable only for large systems.” In addition,
these intensive chemical treatments can even be the source of
new contamination problems.

Conventional remove the

An effective alternative to conventional methods is represented
by photocatalysis. Semiconductors such as TiO,, ZnO, ZrO,,
CdS, MoS,, Fe,O3; and WO; have been examined and used as
photocatalyst.”™"' Among these, titanium dioxide (TiO,) has
remained as the benchmark against which alternative photocata-
lysts are compared. TiO, is widely used because it is inexpen-
sive, harmless, and its photostability is very high.'”*™* To
enhance the redox potential of the valence-band holes and the

© 2014 Wiley Periodicals, Inc.
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conduction band electrons, particle size must be decreased. Fur-
thermore, the highest surface area to volume ratio enhances
their catalytic activity.'”

However, TiO, nanoparticles have recently been classified by the
International Agency for Research on Cancer (IARC) as an
IARC Group 2B carcinogen “possibly carcinogenic to
humans.”'® Therefore, the identification of polymeric photoac-
tive compounds is recommended in order to reduce health con-
cerns induced by nanoparticle handling. Within this study,
SPEEK-based (sulfonated polyetheretherketone) polymeric pho-
tocatalytic blends have been studied, as an alternative enabling
to realize micro- and nanosized materials, such as filaments,
particles, and thin layers.

PEEK (polyetheretherketone or poly (oxy-1,4-phenyleneoxy-1,4-
phenylenecarbonyl-1,4-phenylene)) is a linear semicrystalline
thermoplastic with rather unique set of properties.'” It has
excellent mechanical and thermal properties and chemical resist-
ance. Its water absorption is low, radiation resistance good and
flammability low. Because of these properties PEEK is often
used in high-tech applications and in extreme environments.
The use of PEEK is mainly limited by its high price (100 €/kg).

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41509
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Figure 1. Excitation reaction and radical formation of modified PEEK. X can be SO;, NH, or NO,.

Sulfonation of PEEK has become a standard procedure and the
effects of different parameters are well known.'®° The antimi-
crobial properties of benzophenone incorporated materials have
been studied*' > but not in the case of SPEEK-based polymer
blends. SPEEK has been, however, blended (in solution) with
polymers such as polyvinyl alcohol (PVA) and polyvinyl butyral
(PVB) to be used as a direct methanol fuel cell (DMEC),***

127 and for the production of func-
28

metal reduction materia
tional thermoplastic materials such as advanced composites.
On the contrary, the idea to mechanically compound SPEEK
with a polyolefin is rather new.

Chemical modifications of PEEK, such as sulfonation, enhance
its solubility in organic solvents through electrophilic substitu-
tion reactions and promote the formation of benzophenone
ketyl radicals (BPK) that could be effectively used to promote
photocatalytic reactions. In fact, UV irradiation of a polar ben-
zophenone induces an n to n* transition (Figure 1) generating a
triplet state that is highly reactive toward hydrogen atom
abstraction by forming a stable radical.**'

A hydrogen transfer reaction is involved in the initial produc-
tion of the reactant radical and the generation of the final prod-
uct. The selection of the appropriate hydrogen transfer agent
depends on the kinetics of H-atom transfer agent and on the
stabilisation of the radical induced by the chemical groups on
the acceptor. Polyolefins possess a labile hydrogen atom and can
therefore act as efficient chain transfer agents, whilst the sulfo-
nated group stabilizes the radicals.

Within this study PP has been selected as the most promising
partner in the photocatalytic activation because it is easy to
process, largely available and very cheap polymer. The goal is to
develop a new, safe, and affordable photocatalytic polymer
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blend that can be used in a wide range of applications (such as
the production of filters for air purifier devices, filter masks,
curtains, and carpet).

EXPERIMENTAL

Materials

Victrex (Lancashire, UK) PEEK grade 704 in powder form with
an average molar mass of 4.5 X 10" g/mol is the primary source
for the production of modified benzophenone compounds. In
the sulfonation process Carlo Erba (Val de Reuil, France) 98%
sulphuric acid (H,SO,) was used. The PP grade was Total Pet-
rochemicals (Houston, USA) PPH 4050 homopolymer having a
melt index of 3 (2.16 kg, 230°C, g/10’).

Synthesis of SPEEK

The sulfonation of PEEK in powder form was carried out in a
reactor in air atmosphere at a constant temperature of 45°C.
5%w/v of PEEK was added to a solution of concentrated sul-
phuric acid, and the solution was mechanically stirred for a
period of 3 h. The obtained SPEEK was then precipitated by
dropwise addition of the solution to 500 mL of ice cooled dis-
tilled water. The precipitate was washed till the excess acid was
removed and then dried in an oven at 70°C for 12 h.

SPEEK/PP Compounding

The SPEEK/PP was compounded by using a DSM Xplore micro
compounder. The equipment has two counter rotating screws
and a maximum batch size of 5 mL. The materials were
weighted, loaded into the compounder and mixed for 5 min at
200°C at a screw speed of 150 RPM.

FTIR
The chemical composition was characterized by ATR (attenuated
total reflectance) FTIR spectroscopy. The equipment used was Perkin
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Elmer Spectrum One spectrometer in HATR reflection mode. A zinc
selenide crystal and a resolution of 4 cm ™" were used.

DSC

DSC tests were made with a Mettler Toledo 822 e. Samples were
heated in nitrogen (flux 80 mL/min) at a heating rate of 10°C/
min. They were heated only once due to the degradative behav-
ior of SPEEK at higher temperatures.

TGA

TGA tests were made with a PerkinElmer TGA 6. Samples were
heated from room temperature to 995°C in nitrogen atmos-
phere with a heating rate of 20°C/min.

NMR

The '"H-NMR spectra were recorded using a Bruker 200 MHz
spectrometer. The spectra were recorded at 60°C, without inter-
nal standard and using deuterated dimethyl sulfoxide (DMSO-
d6) as a solvent, with a polymer concentration of about 30 mg
mL™'. Experimental data were elaborated with 1D Win-NMR
software, applying the Lorentze Gauss enhance function and
using appropriate Line broadening and Gaussian broadening
parameters in order to improve the peaks resolution.

Rheological Measurements

Oscillatory shear measurements within the linear viscoelastic
range (strain amplitude of 10%) were carried out for the samples
using an Anton Paar Physica MCR 301 rheometer. All the experi-
ments were performed under a nitrogen atmosphere using a 25-
mm plate-plate geometry. The measuring points in the angular
frequency range of 0.1-562 rad/s were recorded with decreasing
frequency. Each sample was measured two times and the average
of these measurements was used. The time-dependence of viscos-
ity was tested using a constant angular frequency of 10 rad s~ ',
strain amplitude of 10% and measuring time of 30 min.

Scanning Electron Microscopy

The morphology of PP, SPEEK, and SPEEK/PP blends were
investigated by a Philips XL30 scanning electron microscope
(SEM). The materials were cut with liquid nitrogen and
mounted vertically under the SEM for the investigations. The
materials were gold sputtered before investigations in order to
increase their conductivity.

Electron Spin Resonance Measurements

Electron paramagnetic resonance (EPR) spectroscopy was used
to confirm the free-radical characteristics of the photoactive
species. Continuous wave (CW) X-band (9 GHz) EPR measure-
ments were carried out at room temperature on a Bruker E500
ELEXSYS Series, using the Bruker ER 4122 SHQE cavity. The
sample was placed into a 4.0 mm ID Suprasil tube, exposed to
UV irradiation generated by a UV lamp (effective irradiative
power 8 W/m? in the range 390—490 nm) at a distance of
11 ¢cm for 15 min. Then the specimen was immediately meas-
ured by EPR spectroscopy. The relative radical amount was cal-
culated from the EPR peak areas.

RESULTS AND DISCUSSION

SPEEK Sulfonation and SPEEK/PP Compounding
The processing parameters for PEEK sulfonation were chosen
according to a previous study'® in which a reaction temperature
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of 45°C, a reaction time of 3 h and PEEK concentration of
5%w/v provided the highest degree of sulfonation. Sulfonation
is an electrophilic aromatic substitution reaction in which a
hydrogen atom attached to the PEEK repeating unit is replaced
by a sulfonic acid group via a monosubstitution reaction on the
benzene ring connected with two ether linkages.'®

SPEEK was compounded with a high viscosity (melt flow index
of 3 g/10’) PP grade. The selection of this grade was based on
the assumption that compounding would decrease viscosity,
which indeed was the case according to the rheological tests.
Thermal characterization of SPEEK indicates poor thermal sta-
bility that had to be taken into consideration during the mate-
rial compounding: the compounding time and temperature had
to be a compromise between proper mixing and as low material
degradation as possible. The obtained SPEEK/PP blend had a
homogenous character and was brown in colour. An increase of
the processing time lead to a darker color, which is a typical
sign of thermal degradation.

FTIR

The results of the FTIR analysis correspond with the results
from previous studies, where PEEK**® and SPEEK'® were char-
acterized. Typical absorption bands of PEEK are 1653, 1648,
and 1252 cm™ ' associated with carbonyl stretching frequency,
1490 cm™" characteristic of ring absorption, 1227 cm ™" associ-
ated with carbon-oxygen-carbon stretching vibration, 863, 841,
and 700 cm™! associated with ring deformation modes, and
1305, 1280, 965, and 952 c¢m ' that are related to PEEK
crystallinity.

In SPEEK, typical absorption bands associated with sulphuric
acid groups are 3440, 1252, 1080, 1024, and 709 cm™'.'® The
broad band at 3440 cm ™' is related to the —OH vibrations of
—SO05H and to the absorbed moisture, 1252 cm ™! to asymmet-
ric stretching of O=S=0, 1080 cm ™' to symmetric stretching
of O=S=0, 1024 cm™ ' to stretching of S=O and 709 cm~' to
stretching of S—O.

Literature data'® suggests that the intensity of aromatic C—C
absorption band at 1492 cm ™' should decrease and the intensity
of the 1472 ¢cm ™' band (associated with the aromatic absorp-
tion of a substituted ring) increase as the sulfonation degree
increases. The FTIR analysis confirms that the intensity of the
1492 ¢cm™' band decreases significantly during the sulfonation.
An absorption peak at 869 cm ™', associated with out-of-plane
C—H bending of isolated hydrogen in a tri-substituted phenyl
ring, appears during the sulfonation.

DSC

Significant changes in the thermal behaviour of the SPEEK
polymer in comparison with PEEK were observed in the DSC
tests. In PEEK, an endothermic transition peak at 346°C is
recorded. In SPEEK, no crystallization peak is observed, which
indicates that after the sulfonation reaction a complete amor-
phous polymer is produced. The T, (glass transition tempera-
ture) midpoint temperature is higher in SPEEK than in PEEK,
225°C and 159°C, respectively (Table I).

In SPEEK/PP blends a single melting temperature (7T,,) around
168°C and two different Tys around 3°C and 223°C were
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Table 1. Thermal Properties of PP, PEEK, SPEEK, and SPEEK/PP 2 : 98,
5:95, and 10 : 90 Blends Measured by DSC (10°C/min, N,)

Sample To1 To2 Tm
PEEK 159.4°C = 346.6°C
SPEEK - 225.2°C -

PP 2.3°C = 168.2°C
SPEEK/PP 2 : 98 3.1°C 221.9°C 169.4°C
SPEEK/PP 5 : 95 2.0°C 225.8°C 167.5°C
SPEEK/PP 10 : 90 2.8°C 219.7°C 168.6°C

observed. The differences between different blend compositions
are rather small. T,, corresponds to the melting temperature of
PP whilst it is well known®* that T, for a homogeneous mixture
of bicomponent blends can be considered the weighted mean of
the T, of the single components according to the eq. (1):

Tgmix = Tgl w+ TgZ w2 ( 1 )

where Ty and Ty, are the glass transition temperatures and w,
and w, the weight portions of the components 1 and 2, respec-
tively. Because the thermal profile shows two different Tis (Fig-
ure 2), this means that an immiscible (heterogeneous) polymer
blend is obtained. This result was confirmed by the SEM
analysis.

TGA

The TGA analysis in Figure 3 shows that the mass of PEEK
remains constant until the decomposition temperature of
580°C, which is rather unique for a thermoplastic polymer.
PEEK sulfonation changes the thermal properties of the material
totally, lowering the decomposition temperature of SPEEK
below 250°C. The mass loss from 50 to 250°C is shown to hap-
pen due to chemically and physically bound water, the mass
loss from 250 to 450°C is due to the decomposition of acid
group which induces the elimination of SO3 and the decompo-
sition of the —SOsH group. The mass loss above 450°C is due
to the breakdown of the polymer backbone.'® If the SPEEK is
dried 30 min at 200°C, the curve stays at a significantly higher
level as a result of the removed water. It is also possible that the

1.4
n — — SPEEK
LN}
1.2 ' = ==PP
i ' — — SPEEK/PP 2.98
1 { i) ceveneees SPEEKIPP 5:95
- SPEEK/PP 10:90
B
R I i | | e
> =
o
=
T 06
k4
0.4
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B S michaisnn. TSl
0 ‘ : - : 3 .
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Yemperalum ["C]
Figure 2. DSC curve of SPEEK, PP, SPEEK/PP 2 : 98, 5 : 95, and 10 : 90
(10°C/min, N, 80 mL/min). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 3. TGA curve of PEEK, SPEEK dried, SPEEK, SPEEK/PP 2 : 98, 5 :
95, 10 : 90, and PP (20°C/min, N,). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

drying evaporates some of the most unstable components which
change the decomposition behaviour compared with undried
SPEEK/PP.

In the SPEEK/PP blend, the mass loss starts earlier with
increased SPEEK concentrations. Surprisingly SPEEK/PP seems
to have an improved thermal stability compared with neat PP,
at least at low SPEEK concentrations. This could be related to
the degradation of the SPEEK that promotes clustering of the
sulfonated groups, enabling to thermally stabilize the polymer.

The degree of sulfonation (DS) for SPEEK can be evaluated
from the weight losses (WL) according to the eq. (2):
WL,

t

DS=

X100 % (2)

where WL, is the measured weight loss between 250 and 450°C
and WL, the theoretical maximum of the weight loss; the mass
of the SO; group from the whole unit according to the eq. (3):

[SO;]

WL =t -]
" [CioH12048]

X100 % (3)
WL, is thus 21.7% for completely sulfonated samples (exactly
one sulfonic acid group per repeating unit is present, Figure 4).

The WL,,, measured is 23.7% (Table II), giving a theoretical DS
of 109%. The explanation why this value is over 100% is that
the acid groups may cause random chain scission reactions,
which lead to a loss of phenol groups as well.”” In addition, the
limits for SOs; volatilization can be considered somewhat

o]

/O ‘ ‘
(0] N

SOzH
— —n
Figure 4. The chemical structure of synthesized SPEEK. NMR and TGA
studies are confirming that a monosubstituted SPEEK is produced.

\
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Table II. Results of the TGA Analysis for PEEK and SPEEK
(20°C/min, N,)

Mass loss (%)

Char
Sample 50-250°C 250-450°C 450-650°C residue
PEEK 0.1 0.0 38.3 61.6
SPEEK 124 23.7 53.6 9.6

inaccurate. According to the previous study,'® the DS (measured
by elemental analysis and 'H-NMR) is around 70-80% with the
same processing parameters.

NMR

To confirm that a monosubstitution has arisen, DS has been
assessed by '"H-NMR measurement. In fact, PEEK sulfonation
generates a single signal for H proton in ortho position to
SOsH and its intensity is equivalent to the SO;H group con-
tent.*® The ratio between the area of this proton peak (centered
at 7.5 ppm) and the area of the other protons corresponds to a
degree of sulfonation that equals of 93%. It confirms the
achievement of a higher reaction yield compared to previous
study'® and the contribution of acid group random chain scis-
sion during thermal degradation.

Rheological Characterization

It is important to know the rheological properties of the
SPEEK/PP blend when the material is further processed into an
actual product. The results of the rheological tests in Figure 5
show that compounding decreases the complex viscosity. Com-
pounded PP has ~10% lower viscosity compared with neat PP.
This is in line with previous studies®” where several extrusion
cycles have shown to cause a rapid increase in chain scission
reactions and thus a decrease in molecular weight and complex
viscosity. SPEEK/PP 2 : 98 has similar viscosity as compounded
100% PP but at a 5 : 95 concentration the viscosity is signifi-

10000
v
&
=1000
_§' L
§ —4— PP pristine
@2
2 —@— PP mixed
[}
g 100 t | —s— SPEEK/PP 2:98
£ i
o —— SPEEK/PP 5:95
—#— SPEEK/PP 10:90
10 " i u s aaal L i1 3 a3l L i3 1 sl
0.1 1 10 100

Angular frequency [1/s]

Figure 5. Complex viscosity of PP, PP mixed, and SPEEK/PP 2 : 98; 5 :
95; 10 : 90 (200°C, N,). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6. Complex viscosity of SPEEK/PP 5 : 95 (180, 200, 220, and
240°C, N,). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

cantly lower. The drop in viscosity from a concentration of 5 :
95 to 10 : 90 is relatively small. The decrease in viscosity could
be explained by the degradation behavior of SPEEK at elevated
temperatures and the following chain scission reactions in the
material caused by the decomposition products of SPEEK, such
as the acid groups mentioned in the TGA paragraph. A similar
degradation has been seen when adding compatibilizating
maleic anhydride to PP** and peroxides®® or nitroxyl radical
generators'® to PP for rheology control.

There are no significant differences in the shear thinning behav-
ior of SPEEK/PP 5 : 95 blend up to temperature of 220°C (Fig-
ure 6). At 240°C the shape of the curve is different from the
other curves, indicating that thermal degradation occurs at the
end of the measurement. The total measuring time is ~10 min,
and the three last points (lowest angular frequencies) take most
of this time.

2500
e 240 °C
2000 i — 220 °C
m L
g - =200 °C
2 1500 \
g L
g §
S [ Temperature
E 1000 N
Q.
£ - pEe——
3 ——
500 | A4
O i i " 1 L 1 1 L 1 1 " i " i L L 1
0 300 600 900 1200 1500 1800

Time [s]
Figure 7. Complex viscosity of SPEEK/PP 5 : 95 as a function of time
(200, 220, and 240°C, N,). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 8. SEM micrograph of PP (A), SPEEK (B), SPEEK/PP 2 : 98 (C), SPEEK/PP 5 : 95 (D), and SPEEK/PP 10 : 90 (E).

Figure 7 shows that viscosity decreases as a function of time,
which confirms that thermal degradation occurs. At 200°C the
drop is the largest, ~20% during the first 5 min. As a compari-
son, the drop at 220°C and 240°C is 8-9%. The explanation for
this behavior can be found from the measuring setup. It takes a
few minutes to melt the material, trim it and then start the
measurement. Evidently most of the chemical reactions occur
during this time if the temperature exceeds 200°C. This also
explains the observed variations in the results with 5 : 95 and
10 : 90 concentrations at 200°C.

The high viscosity PP grade was originally selected to compen-
sate the decrease in viscosity during the compounding and
according to these tests the rheological properties of 0-10%w/w
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compounds should be sufficient for further processing. Process-
ing times and temperatures are recommended to be minimized
in order to avoid thermal degradation of the material.

SEM Analysis

SEM analysis has been carried out for PP [Figure 8(A)], SPEEK
[Figure 8(B)] SPEEK/PP 2 : 98 [Figure 8(C)], SPEEK/PP 5 : 95
[Figure 8(D)], and SPEEK/PP 10 : 90 [Figure 8(E)]. There are
two different domains in the SPEEK/PP blends which mean
that the two polymers are not miscible, even if the shear forces
in the compounder seem to be able to homogenously disperse
the photoactive SPEEK polymer into the polypropylene. This
result was confirmed by the DSC tests where two separate Tgs
were observed in SPEEK/PP. A typical size of the SPEEK
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Figure 9. RT X-band EPR spectra of the SPEEK/PP blends (2 : 98; 5 : 95;
10 : 90) recorded after 15 min of irradiation (v=9.86 GHz, 0.63 mW
power, 0.2 mT modulation amplitude).

particles in the blend seems to be a few micrometers which
should not be a problem during the further processing of the
material. Even melt spinning of the blend should be possible.

Photochemical Properties

In order to evaluate the photocatalytic effectiveness of the made
polymer blends, EPR spectroscopy was performed. Room tem-
perature EPR analysis performed on a transparent casted film
made from 100% SPEEK showed that after exposure to UV
irradiation for 15 min free radicals are generated. The presence
of PP in the SPEEK sample with increasing molar ratio signifi-
cantly improves the radical formation efficiency. In Figure 9,
the room temperature X-band EPR spectra of the SPEEK/PP
blends are reported.

X-band EPR spectrum of 100% SPEEK exhibits a single line
with a g value of 2.0035 (%£0.0003). The g value obtained for
the investigated sample is in agreement with the value reported

1.2

y=0.1103x - 0.0917
R? = 0.9965
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04

Relative radical amount
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Figure 10. Relative radical concentration as a function of the polymer

blend composition.
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in the literature for a phenyl ketyl radical of benzophenone.*!
In the EPR spectrums reported for SPEEK/PP 2 : 98, 5 : 95,
and 10 : 90, where the donor is polyolefins, the radical signal
may derive from the coexistence of both BPK radical and diphe-
nylhydroxy methyl radical. However, the very slight difference
in the g values for both specimens does not allow discriminat-
ing the single contributions, and the simultaneous presence of
the radicals cannot be excluded.

The analysis of the spectral area showed that by increasing the
polyolefin content in the range 2-10% a linear increase in the
production of the radical is achieved (Figure 10). Higher SPEEK
concentrations in the SPEEK/PP blend have not been investi-
gated due to the higher costs of the SPEEK polymer and the
high efficiency of the system at low SPEEK content. The relative
radical amount of 100% SPEEK was 1/20 of that of SPEEK/PP
10 : 90.

CONCLUSIONS

The combination of SPEEK and PP generates a stable BPK radi-
cal formation, enabling to promote the degradation of chemi-
cals. The increase in the radical concentration is almost linear
as a function of SPEEK concentration. An optimal amount of
modified PEEK in the polymer blend is seen at 5%w/w. This
concentration was observed to provide good photochemical
properties at a competitive price. The synthesis of SPEEK as
well as SPEEK/PP compounding were relatively problem-free
and, according to the SEM analysis, SPEEK particles are homo-
genously dispersed into the PP matrix. Inferior thermal proper-
ties of SPEEK compared with PEEK were evident in the thermal
tests, and also the rheological tests showed signs of material
degradation as a result of chain scission reactions. Further proc-
essing of the material into commercial products should be pos-
sible when the optimal processing parameters have been
determined.
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ABSTRACT: New photocatalytic fibers made of sulfonated polyetheretherketone (SPEEK)/polypropylene (PP) are melt compounded
and melt spun, first on laboratory scale and then on a semi-industrial scale. Fiber spinnability is optimized and the fibers are charac-
terized using mechanical testing, electron paramagnetic resonance (EPR) spectroscopy, and scanning electron microscopy (SEM).
According to the results, the fiber spinnability remains at a good level up to 10 wt % SPEEK concentration. Optimal processing tem-
perature is 200°C due to the thermal degradation at higher temperatures. EPR measurements show good and long-lasting photoactiv-
ity after the initial irradiation but also decay in the radical intensity during several irradiation cycles. Mechanical tenacity of the
SPEEK/PP 5 : 95 fiber is approximately 20% lower than for otherwise similar PP fiber. The fiber is a potential alternative to compete
against TiO2-based products but more research needs to be done to verify the real-life performance. © 2015 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2015, 132, 42595.
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INTRODUCTION

The use of photocatalytic textiles in antimicrobial, self-cleaning,
and anti-pollution products has increased during the last few
decades. These functionalities are based on the highly reactive
radicals and oxidants that are generated under band-gap light
irradiation. Photocatalysts can be used as an alternative to con-
ventional biocides to prevent the deterioration of textiles caused
by insects, fungi, algae, and microorganisms." The self-cleaning
property of a photoactive textile is based on the discoloration
of organic stains by reactive radicals.> Photocatalytic oxidation
(PCO) is an emerging technology in air purification, and is also
based on the decomposition of harmful substances.’

Although several semiconductors have been used as photocata-
lysts,4 titanium dioxide (TiO,) has dominated the research
because of its low price, high photostability, and safety.” In this
study, a photoactive polymer fiber made of sulfonated polye-
theretherketone (SPEEK)/polypropylene (PP) blend is manufac-

tured as an alternative to TiO,-based fibers. According to the
previous characterization of the SPEEK/PP blend, the material
provides good photochemical properties but has problems in
thermal stability. The main competitive advantage of SPEEK/PP
is the safety of the material because it does not contain nano-
particles and it has been demonstrated to be biocompatible
with minor effect on cytotoxicity induced by residual content of
sulphuric acid used in the synthesis.” By contrast, the particle
size of TiO, is reduced to nanoscale to increase the total surface
area per volume ratio and thus efficiency. The increased use of
nanoparticles in many applications has raised questions about
their safety, and recent research suggests that TiO, nanoparticles
are possibly carcinogenic to humans.®

Sulfonated polyetheretherketone (SPEEK) is manufactured
through a sulfonation process of polyetheretherketone (PEEK),
which is a linear semicrystalline thermoplastic polymer with
excellent mechanical and thermal properties and chemical

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.
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Figure 1. Excitation reaction and radical formation of SPEEK.

resistance.” Compared to PEEK, SPEEK alone has poor thermal
properties and processability® and has to be blended with other
polymers.'®? The photoactivity of SPEEK is based on the for-
mation of benzophenone ketyl radicals (BPK) in the polymer
chain. When polar benzophenone of SPEEK is exposed to UV
irradiation, the n-to-7* transition induces a generation of a tri-
plet state.'' This triplet state is highly reactive to form a stable
BPK radical by abstracting a hydrogen atom (Figure 1). The
antimicrobial effectiveness of benzophenone has been previously
confirmed with different polymers.'” PP is an excellent candi-
date to assist SPEEK in the hydrogen abstraction since it pos-
labile hydrogen atom. Furthermore, PP is an
inexpensive commodity plastic widely used in fibers.

s€sses  a

The SPEEK/PP fibers are made by first compounding the mate-
rials in a melt mixing process, and then melt spinning the com-
pound. During the melt mixing, it is important that the SPEEK
particles are homogenously dispersed into the PP matrix and
that there remain no large particles or particle agglomerates
which could lead to a spinline failure in the melt spinning. It
has been observed that when the particle size approaches close
to the fiber diameter, the spinning stability is reduced drasti-
cally.'" According to the performed characterization of previ-
ously made SPEEK/PP blends, the blend is homogenous with a
SPEEK particle size of a few micrometers,” which should be
small enough for the fiber spinning.

Textile fabrics made of SPEEK/PP filament yarn would have
potential for use in photocatalytic textiles. The closest competi-
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tor, a PP/TiO, nanocomposite fiber, has been evaluated'® and,
according to antimicrobial testing, this blend should have anti-
microbial properties in proper compositions.'® Antimicrobial
textiles are currently used in products such as tents, tarpaulins,
awnings, blinds, parasols, sails, waterproof clothing, in some
consumer textiles, and medical settings.'” Conventional antimi-
crobial textiles are based on biocides like silver,'®'? quaternary
ammonium salts,”® halamine structures,”"** triclosan, or zinc
pyrithione.'” These biocides have been criticized due to their
limited efficiency, high costs, toxicity, and environmental con-
cerns.'® A self-cleaning property is desirable especially in the
clothing industry and, therefore, the research has focused on
that sector.”?>** However, these products are not largely avail-
able yet and they raise health concerns due to the nanoparticles
they contain. There are many commercial air purifiers on the
market that use photocatalytic oxidation to turn harmful sub-
stances, including volatile organic compounds (VOCs), into less
harmful compounds such as CO, and H,0.?*

In this study, SPEEK/PP-based photoactive fibers are manufac-
tured as an alternative to TiO, and conventional methods to
provide antimicrobial, self-cleaning, and anti-pollution proper-
ties. The fibers are manufactured in a melt spinning process,
first on laboratory scale and then on a semi-industrial scale.
The fibers are characterized regarding their mechanical proper-
ties, photochemical effectiveness, and morphology. Based on the
obtained results, their suitability in commercial textile applica-
tions is estimated. In addition to the new polymer-based textile
material, the novelty of this study is the melt spinning of an
unconventional polymer blend containing two totally different
components and time-dependent processability.

EXPERIMENTAL

Materials

Victrex (Lancashire, UK) PEEK grade 704 in powder form with
an average molar mass of 4.5 X 10" g/mol is the primary source
for the synthesis of modified benzophenone compounds. In the
sulfonation process, 98% sulphuric acid (H,SO,) (Carlo Erba,
Val de Reuil, France) was used. The PP grade was PPH 4050
homopolymer (Total Petrochemicals, Houston, USA) having a
melt index of 3 g/10 min (2.16 kg, 230°C) according to the sup-
plier’s information.

Synthesis of SPEEK

The sulfonation of PEEK in powder form was carried out in a
250 mL reactor in air atmosphere at a constant temperature of
45°C. 5% w/v of PEEK was added to a solution of concentrated
sulphuric acid (98%), and the solution was mechanically stirred
for a period of 3 h. The obtained SPEEK was then precipitated
by dropwise addition of the solution to 500 mL of ice-cooled
distilled water. The precipitate was washed till the excess acid
was removed and then dried in an oven at 70°C for 12 h.

SPEEK/PP Compounding

The SPEEK/PP blend was batchwise compounded by using a
DSM Xplore micro compounder. The equipment has two coun-
ter rotating screws and a maximum batch size of 5 mL. The
materials were weighed, loaded into the compounder, and
mixed for 5 min at 200°C at a screw speed of 150 RPM.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42595
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Table I. Processing Parameters for the Laboratory Scale Melt Spinning

Process

Number of filaments 1
Die length (mm) 30
Die diameter (mm) 1
Drawing speed (m/min) 100
Spinning path length (m) 0.05
Tex number (g/km) 2-4

The required material amounts are larger in a semi-industrial
fiber spinning process, and therefore, the compounding was
performed in a Brabender W50 single-screw extruder. The proc-
essing temperature was 200°C and the extruder screw speed was
30 RPM. The material was repeatedly processed four times to
provide a homogenous compounding quality.

SPEEK/PP Melt Spinning

The laboratory scale melt spinning system was based on a
modified Gottfert Rheograph 6000 capillary rheometer.”® It is a
piston-based system for monofilaments with a volume of
26 cm’ and a maximum processing temperature of 400°C. The
most important processing parameters used can be found in
Table 1.

The semi-industrial multifilament melt spinning of SPEEK/PP
5 : 95 was performed in a Fourne melt spinning system com-
prised of a single-screw extruder system with a filament count
of 1-100. The equipment has the possibility to use heatable
godets with different speed settings but these were not used due
to the lack of material. The most important processing parame-
ters for this system can be found in Table II.

Electron Paramagnetic Resonance Measurements

Electron paramagnetic resonance (EPR) spectroscopy was used
to study the free-radical formation and life time of the photoac-
tive species. Continuous wave (CW) X-band (9 GHz) EPR
measurements were carried out at room temperature on a
Bruker E500 ELEXSYS Series, using the Bruker ER 4122 SHQE
cavity. The sample was placed into a 4.0 mm ID Suprasil tube,
exposed to UV irradiation generated by an UV lamp (effective
irradiative power 8 W/m” in the range of 390-490 nm) at a dis-
tance of 11 cm for 15 min. Then the specimen was immediately
measured by EPR spectroscopy and the radical was monitored

Table II. Processing Parameters for the Semi-Industrial Melt Spinning

Process

Number of filaments 10
Die length (mm) 8
Die diameter (mm) 0.5
Tex number (g/km) 23
Screw speed (RPM) 57
Drawing speed (m/min) 250
Winder traverse (1/min) 198
Spinning path length (m) 4.8

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

42595 (3 of 8)

Applied Polymer

SCIENCE

Table III. Spinning Quality Table

Quality Description
Excellent No problems in fiber quality or spinning
stability.
Good Fiber spinning was possible but there
were problems in the spinning stability
or fiber quality and spinning of very thin
fibers was not possible.
Not Fiber spinning was not possible or the
spinnable process was stable for a few seconds at best.

until 16 h. Then, it was irradiated again for 15 min and the
radical signal was followed for other 24 h. This was repeated for
a total of 10 times. The relative radical amount was calculated
from the EPR peak areas by a double integration of the signal,
centered at ¢=2.0035*0.0003 with a narrow scan of 50 G
avoiding Mn(II) contribution.®

Tensile Testing

Tensile tests were performed according to the ISO 2062 standard
using ADF brustio Tessile tensile testing machine. A 200 mm
clamping length and 1800 mm/min drawing speed were used. A
total of 10 measurements per sample were made. Young’s mod-
ulus was calculated in 0-10% strain. Prior to the mechanical
analyses, the samples were conditioned at 20°C and a humidity
of 65% for 24 h.

Scanning Electron Microscopy

The morphology of the SPEEK/PP 5 : 95 fibers was investigated
by a Philips XL30 scanning electron microscope (SEM). The
materials were gold sputtered before investigations in order to
increase their conductivity.

Table IV. The Results of the Melt Spinning Tests

Processing SPEEK

Test temperature  concentration

number  (°C) (%) Quality

1 180 0 Good

2 200 0 Excellent

3 220 0 Excellent

4 180 5 Good

5 200 5 Excellent

6 220 5 Excellent — good —
not spinnable
(depending on the
residence time)

7 180 10 Good

8 200 10 Excellent

9 220 10 Excellent — good —

not spinnable
(depending on the
residence time)
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Figure 2. Melt spun SPEEK/PP 5 : 95 filaments. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

RESULTS AND DISCUSSION

SPEEK Sulfonation and SPEEK/PP Compounding

The SPEEK/PP material has been previously characterized at
different blend ratios.® According to these tests, the compound-
ing should provide a homogenous blend. The biggest challenge

| | Lo
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was found in the thermal properties of the blend, and therefore,
the blend spinnability was evaluated at different processing
temperatures.

SPEEK/PP Fiber Spinning on a Laboratory Scale

The same Gottfert capillary rheometer-based fiber spinning sys-
tem has been used in previous PEEK melt spinning experiments
and the process parameters were thoroughly characterized for
PEEK.* Although the processing temperatures are very different
for the SPEEK/PP blend compared to neat PEEK, the previously
found optimal spinning path length (5 c¢m), capillary dimen-
sions (30/1 mm), and motor speed (100 m/min) for this equip-
ment were used for the SPEEK/PP blend. The goal of these
current laboratory scale tests was not to optimize the process as
far as possible; instead the aim was to get a good overview of
the spinnability at different SPEEK concentrations and
temperatures.

For evaluation of the fiber spinning properties, a very simple
three-step grading scale was created. The descriptions for differ-
ent spinning qualities can be found in Table III.

Fiber spinning of the SPEEK/PP blend was easy at best and the
fiber quality turned out to be excellent despite the fact that the
system has no filters to remove impurities or unmelted par-
ticles. Generally an increase in the processing temperature
improves spinnability”*® and this was evident with the
SPEEK/PP blend as well. At 180°C, the spinnability was the
worst regardless of the SPEEK concentration. This is not sur-
prising considering how close this temperature is to the melting
point of PP. However the processing temperature cannot be
increased endlessly because the thermal properties of SPEEK are
poor.® This was evident at 220°C where spinnability worsened
drastically as the residence time increased. At first, the spinn-
ability was excellent but after about 5 min, it had reduced to
good and after 10-15 min, it was impossible to keep the
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Figure 3. X-band EPR spectra of the sample recorded at different times after the irradiation. v =9.84 GHz, 0.1 mT modulation amplitude, 2 mW power,

298 K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Relative radical amount after the first irradiation compared to
Ihax as a function of time.

process stable at all. The spinnability of PP remained excellent
at 220°C so this problem is due to the thermal properties of
SPEEK.

The differences in spinnability between different concentrations
are small. PP and SPEEK/PP 10 : 90 blend have almost similar
spinnability at the same processing temperature (with a short
residence time). This is in line with the rheological characteriza-
tion, where the concentration had only a small effect on viscos-
ity.® Although the limits of spinnability were not tested, the best
spun SPEEK/PP 5 : 95 blend fibers (at 200°C) were approxi-
mately 45 um in average diameter. This should be easy to
improve even further by optimizing the process and the PP
grade. The results of the spinning tests can be seen in Table IV.

J J 2 |
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Semi-Industrial Fiber Spinning of the SPEEK/PP

The goal of the semi-industrial melt spinning was primarily to
test the spinnability of the SPEEK/PP 5 : 95 blend under condi-
tions that are closer to the industrial scale, and second, to man-
ufacture a sufficient amount of multifilament yarns for
characterization. The fiber properties are more stable in the
semi-industrial process as a result of a more stable material
flow, a 50 pm filter used to remove impurities, and a more
accurate drawing system. The results from the laboratory scale
spinning tests were used as a base for the upscaling and there-
fore a processing temperature of 200°C was used.

The spinnability was excellent from the beginning and no fine
tuning was needed for the process to be stable. No broken fila-
ment was observed during the spinning of 4 bobbins. According
to the SEM micrographs of the previously tested SPEEK/PP
bulk blend,® the material did not contain any particles larger
than a few micrometers, and this was also confirmed by the
good spinnability. Figure 2 shows a picture of the bobbins
obtained. The photocatalytic filaments have a brown color com-
pared to light-colored PP ones.

Radical Formation

Figure 3 reports the X-band (9 GHz) EPR spectra of the sam-
ples recorded at different times after the irradiation. The BPK
radical signal, marked as a thick arrow, is detected. The EPR
signals, marked as a thin arrow, are the six lines due to Mn(II)
impurities. The BPK signal reaches the maximum (I,,x) imme-
diately after the irradiation, then starts to decay reducing its
intensity, and reaches its minimum in 150 min. The radical sig-
nal decay has been monitored for 16 h without any further
changes in the intensity. A small intensity BPK peak is observed
also in non-irradiated SPEEK/PP samples because the photoca-
talytic reaction is promoted by light sources during material

y V J

’-)‘,W“WAV—J\f_AmMM —0 min

%'VWWW—MM——-M
S he—;

— 15 min
——30 min
=45 min
60 min
———80 min
=100 min
120 min
—— 150 min
=180 min
=210 min
=510 min

= 1440 min

325 330 335 340 345 350

355 360 365 370 375

Magnetic Field (mT)

Figure 5. X-band EPR spectra of the sample recorded at different times after the second 15 min irradiation. v=9.84 GHz, 0.1 mT modulation ampli-

tude, 2 mW power, 298 K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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0.5 Table V. Mechanical Properties for SPEEK/PP 5 : 95 and PP Filaments
Tenacity Strain Young's
= 04 Tex at break at break modulus
2 ¢ Sample (g/km)  (cN/tex) (%) (cN/tex)
5 0.3 SPEEK/PP 23 91+x12 267x59 195+29
8 5:95
E PP 23 11618 268+47 247x22
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Figure 6. Relative radical amount after the second irradiation compared
to Iay as a function of time.

handling (cutting of the fibers and displacement in the EPR
capillary), demonstrating that material photocatalytic activity is
very high. In PP samples, with or without irradiation, this peak
was not visible. The reason for the long lifetime of the BPK rad-
icals is their slow dimerization/disproportionation coupling
reaction.” In the solid state, the mobility of the radicals is slow
increasing the life-time.

Figure 4 presents the EPR signal area, obtained by double inte-
gration of the experimental spectra, as a function of time. The
lifetime of the radical is rather long. After 15 min, the radical
intensity is reduced to 59% and after 60 min to 18% of the I..
The residual radical intensity is approximately 5% of the I,,y.

The same sample was irradiated a second time for 15 min in
order to see if the radical was reformed, and its decay was fol-
lowed. As shown in Figures 5 and 6, the radical is visible again,
however, at a lower intensity (approximately one-third of the
Ihax)- Based on the previous studies, this result is expected.29
The radical intensity drops rapidly during the first 15 min. The
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Figure 7. Relative radical amount after irradiation compared to I, as a
function of irradiation cycles.
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Figure 8. Typical tensile testing curves for PP and SPEEK/PP 5:95. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]

evolution of the signal was followed for 24 h even though the
minimum signal intensity was reached in 3 h.

Relative radical amount was monitored up to 10 continuous
irradiation cycles to simulate the fiber effectiveness in use.
According to these results (Figure 7), the effectiveness immedi-
ately after the irradiation drops significantly during the first few
irradiation cycles, and then quickly reaches the residual radical
intensity of approximately 15% of the I, Evidently, the radi-
cal formation ability reduces in use and the actual usability has
to be verified with, e.g., antimicrobial tests.

Spot hll-agn Det WD 1 20um

16.0kV 4.0 800x SE 201

IAcc V

Figure 9. SEM micrograph of the PP fiber.
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Figure 10. SEM micrograph of the SPEEK/PP 5 : 95 fiber.

Mechanical Properties

The mechanical properties of the yarns are listed in Table V.
The mechanical tenacity of the 5 : 95 SPEEK/PP yarn is 20%
lower than that of otherwise similar PP yarn. Tenacity values
are a little low compared to commercial PP yarns, even with
similar linear density.*® Cold drawing using heatable godets and
incrementally increased drawing speed would have improved
the orientation of the polymer chains and thus increased the
mechanical strength. Unfortunately, the lack of material limited
the testing, and only the simplest option, drawing the yarns
directly into the bobbin, was performed. Another reason for the
low mechanical properties may have been the low melt index of
the PP grade used. Even though its use was justified to improve
the compounding quality, higher melt index grades are typically
preferable in melt spinning. In contrast to the low mechanical
strength, the polymer yarns are highly elastic with over 250%
strain at break. Typical tensile testing curves for PP and SPEEK/
PP 5 : 95 can be found in Figure 8 and the raw data of the
measurements in Supporting Information, in Table S1.

SEM Analysis

The analysis of the SPEEK/PP 5 : 95 fibers reveals no problems
in the fiber quality. There are only small differences between the
surfaces of the PP (Figure 9) and the SPEEK/PP 5 : 95 (Figure
10) fibers according to the SEM micrographs. The surface of
the SPEEK/PP 5 : 95 fiber is slightly rougher due to the SPEEK
particles. The results are consistent with the previously per-
formed characterization of the blend where SPEEK particles, a
few micrometers in size, were found to be homogenously dis-
persed in the PP matrix. Unfortunately cross-sectional SEM
micrographs could not be obtained due to sample manufactur-
ing problems: very thin filaments were too difficult to break
using liquid nitrogen.

CONCLUSIONS

The goal of this study was to provide a fiber with sufficient and
long-lasting photoactivity and mechanical properties. There
were many challenging aspects such as the new polymer blend,
thermal degradation of the blend, and small SPEEK particles in
the blend that could interfere with the fiber spinning. The over-
all performance of the fibers is good. Fiber spinnability is good
when using optimal processing parameters, most importantly a
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proper processing temperature of approximately 200°C has to
be used. Mechanical properties are only a little affected by the
addition of SPEEK and they are sufficient for technical applica-
tions. The SPEEK/PP fiber is highly elastic, so the mechanical
properties can be further improved by increasing the drawing
speed and draw ratio.

UV-induced radicals on the fiber surface were characterized by
the EPR technique: stable BPK radical was detected and the
characterization of the stability of the radical over several irradi-
ation cycles showed that decay during the first few cycles occurs.
This cannot be directly related with the photocatalytic effi-
ciency; however, a reduction on the effectiveness over time is
expected as per conventional photoactive materials. The next
goal is therefore to estimate the antimicrobial, antipollution,
and self-cleaning performance of the final fabrics in order to
fully characterize the efficiency of the new fibers.
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