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ABSTRACT

Interest in polyaryletherketones (PAEKSs) and their carbon fiber reinforced composites
continues to grow, and is driven by their increasing use in critical, high performance applications.
Though these materials have seen widespread use in oil and gas, aerospace, medical and
transportation industries, applications are currently limited by the thermal and mechanical
properties of available PAEK polymer chemistries. The theme of this Master’s thesis is the
improvement of PAEK properties through control of the polymer microstructure. It includes a
review of state of the art PAEK polymer chemistries, mechanical properties of their carbon fiber
reinforced composites, and interfacial engineering techniques used to improve the fiber-matrix
interfacial bond strength.

The original research presented is aimed at improving the high temperature steam
resistance of PAEKS through covalent crosslinking and control of the crystalline microstructure.
The effect of high temperature steam on the crystallinity and mechanical properties of existing
PEEK and PEKK(T/I) polymers is investigated in order to aid design of more effective PAEK
materials for high temperature steam applications. DSC, WAXD and DMA experiments show
these materials undergo significant crystallization and reorganization after prolonged exposure to
steam and suffer from embrittlement. Xanthydrol-based crosslinks are used to stabilize the PEKK
crystal structure in order to prevent steam-assisted crystallization. Mechanical tests demonstrate
the ductility is preserved for longer exposures to steam compared to neat PEKK, while DSC and
WAXD data indicate xanthydrol crosslinks effectively stabilize the crystal structure against

steam-assisted crystallization.
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Chapter 1

Introduction

1.1 Motivation and Thesis Overview

Polyaryletherkeotne (PAEK) polymers and their composites are increasingly utilized for
high performance applications. For example, the demand for reduced transportation fuel
consumption is driving a movement toward weight reduction in aerospace and automotive
structures where aluminum and titanium alloys traditionally dominate. The desired light-
weighting can be partially achieved through the adoption of carbon reinforced PAEKSs as the
material of construction for components previously made from metals. In order to be a true
replacement for metal, however, PAEK composites must exhibit good mechanical properties,
service lifetime and meet manufacturing cost requirements. This is also true of PAEKS used for
critical applications in other industries, such as medical and oil and gas.

The underlying motivation for this thesis is the property improvement of PAEK
thermoplastics and their carbon fiber composites through control of their microstructure. Similar
to other polymers, the microstructure of PAEKs plays a significant role in their properties,
behavior and performance. This work demonstrates that the microstructure can be tuned through a
combination of state-of-the-art chemical modification techniques and processing methods in order
to obtain enabling properties best suited for the given application.

Chapter 1 contains a summary of PAEK polymer synthesis and chemical modification
techniques which is crucial background knowledge for subsequent chapters related to

microstructural control. This includes a discussion of historical and cutting-edge PAEK
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polymerization chemistry, PAEK copolymer properties and applications and recent methods for
crosslinking PAEKS.

Chapter 2 is a comprehensive literature review and roadmap for PAEK carbon fiber
reinforced composites. It illustrates the current landscape of PAEK composites, including
properties, applications and manufacturing techniques. It also provides a brief explanation of
micromechanical theory for fiber reinforced polymers and identifies the key material design
parameters, such as critical fiber length and interfacial shear strength. The focus is on interfacial
engineering to improve the polymer-fiber interfacial bond and the bulk composite properties. The
most prevalent interfacial modification techniques are introduced and it highlights noteworthy
examples from recent literature. Finally, it presents a future state for these composite materials
and proposes that it can be achieved through improvements in the polymer-fiber interfacial bond.

Chapter 3 contains original research which seeks (1) to understand the effect of high
temperature steam on the microstructure and mechanical properties of various PAEKSs and (2) to
enhance the mechanical performance of PEKKSs for high temperature steam applications through
crosslinking and control of the semicrystalline microstructure.

Chapter 4 summarizes the key points of the original work presented in this thesis and
makes recommendations for future work to drive the continual improvement of PAEK polymers

and composites.

1.2 PAEK Synthesis and Modification Chemistry

1.2.1 Polymerization
There are multiple routes available to synthesize PAEKSs depending on the desired
properties and functionality of the final polymer. Figure 1-1 illustrates polymerization schemes

and highlights each route discussed here, but more comprehensive reviews are available." The
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Figure 1-1: Polymerization routes for various PAEKS.

first route is electrophilic polycondensation in which Friedel-Crafts acylation occurs between a
phenyl ether and an aromatic acid chloride using a Lewis acid catalyst at low temperature to
minimize side reactions (Figure 1-1(a)).> * PEKK is commonly synthesized by this route from
diphenyl ether and phthaloyl chloride in the presence of an aluminum chloride catalyst.
Polymerization of high molecular weight products requires the use of organic solvents, such as
1,2-dichloroethane or methylene chloride, high temperature polymerization conditions to
solubilize the growing polymer chains, and catalysts that are stable at high temperatures.

Another route is nucleophilic substitution of aromatic dihaloketones by diphenols (Figure
1-1(b)).> The extent of this reaction is largely dependent on the solvent conditions. This is the
most common route to synthesize PEEK from difluorobenzophenone and bisphenol hydroquinone

in diphenylsulfone as the solvent with a potassium carbonate catalyst at 180 to 320°C.
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Organometallic-catalyzed polymerization routes are also available for PAEK synthesis,
though these methods are limited to the synthesis of amorphous PAEKS. A series of sulfonated
poly(p-phenylene-co-aryl ether ketone) copolymers for fuel cell membrane applications were
prepared from coupling of aryl dichlorides using a Ni(0) catalyst (Figure 1-1(c)).® Higher
molecular weights were obtained by improving solubility of the formed polymer by incorporating
trifluoromethyl groups into the starting monomers, which also facilitated solution casting of
membrane films.

A polyether ketone containing amine linkages in the main chain was synthesized via
Pd(0) catalyzed aryl amination of dibromo ketone with aromatic ether diamine (Figure 1-1(d)).’
The same polycondensation can also be achieved with a Cul homogeneous catalyst and a CuO
nanocatalyst.® The resulting polymers have a Ty between 175-200°C and exhibit strong
photoluminescence as well as mechanical strength; this polyether ketone may be ideally suited for
light-emitting polymer applications. The aforementioned synthetic route has the benefit of lower
reaction temperatures compared to traditional nucleophilic aromatic substitution
polycondensations. Nevertheless, the resulting PAEKs must be soluble in the reaction media in
order to obtain a high molecular weight product with good mechanical properties. Consequently,

these polymers are amorphous and lack the chemical resistance of their semi-crystalline

counterparts.

1.2.2 Copolymers

PAEK copolymers are attractive because they impart additional properties, such as
increased Ty, greater solubility in organic solvents, lower dielectric constant, and lower water
absorption, into a chemically and thermally stable PAEK chain structure. Most often, novel

monomers intended to impart desired characteristics into the copolymer are synthesized, then
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copolymerized using one of the above mentioned routes. The possibilities for different copolymer
combinations are seemingly endless and are only limited by the imagination and available
synthetic chemistry. The following recent examples, summarized in Figure 1-2, demonstrate the
versatility of PAEK synthetic routes and the diversity of available copolymers and tailored
monomers, as well as their effect on polymer properties.

A series of PEKKSs containing imide moieties (Figure 1-2(a)) were prepared by Friedel-
Crafts polycondensation over a wide range of molar ratios.” The copolymers containing 0-40
mol% of the imide linkage are semi-crystalline with T, and T, ranging from 170-183°C and 384-
341°C, respectively. They exhibit good thermal stability, mechanical strength and chemical

resistance comparable to commercially available homopolymer PAEKS.

(a) PEKK' copolymers with imide linkages
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Figure 1-2: PAEK copolymers and tailored pendant groups to obtain desired enabling properties.
(a) PEKK copolymer containing imide linkage to improve thermal resistance and mechanical
properties at elevated temperature.® (b) Pendant groups to improve solubility for film casting from
solution.’®** (c) Pendant groups to enhance the dielectric constant and hydrophobicity.*>*’
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Starting monomers may contain bulky pendent groups in order to increase the solubility
of polymer chains in common organic solvents, thereby enabling solution casting of thin films.
An added benefit is that higher molecular weights are achievable due to the improved solubility
during polymerization of the growing polymer chain. Amorphous PEEK copolymers containing
bulky pendent adamantyl and pentyl groups were synthesized by nucleophilic substitution under
mild conditions (Figure 1-2(b))."® The mechanical moduli of these copolymers are at least half of
commercially available PEEK, but the dielectric constants are lower and the polymers absorb less
moisture. As a consequence, these copolymers are promising candidate materials as electrical
insulators in microelectronic devices and gas separation membranes. Similarly, PEEK
copolymers bearing pendent phenyl and methyl groups (Figure 1-2(b)) exhibit good solubility in
organic solvents.™

A series of PEEKs and PEEKKs were synthesized with various degrees of methyl
substitution on the aryl units and cardo decahydronaphthalene groups in the main chain (Figure 1-
2(b)).*? The intention was to disrupt chain packing and increase solubility in common organic
solvents in order to facilitate solution processing of thin films. All polymers with cardo
decahydronaphthalene groups were indeed amorphous and soluble in dichloromethane,
chloroform, THF, pyridine and NMP at room temperature and could be cast into tough, flexible
films from chloroform solutions. The T4 of these polymers ranged from 194°C for the least
substituted PEEKK to 251°C for the most substituted PEEK.

Other PAEKSs were synthesized with (4-phenoxyphenyl)triphenylmethane moieties in the
main chain (Figure 1-2(b))."* The polymers have good solubility in organic solvents at room
temperature and were successfully cast into films from solutions. T, of these polymers range from
174-196°C and tensile properties are comparable to other amorphous PAEKS. Incorporation of
naphthyl and biphenyl side chains (Figure 1-2(b)) into various PAEKSs also increases T, and

allows the polymers to dissolve easily in organic solvents.™
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Fluorene-based poly(aryl fluoroaryl ethers) bearing pendant tert-butyl groups were
synthesized by nucleophilic substitution with the intent of application as dielectric materials or in
gas separation membranes (Figure 1-2(c)).” The resulting polymer has a high T, of 264°C, is
soluble in common organic solvents and exhibits a low dielectric constant and low water uptake.
This synthesis is noteworthy due to the stereochemical selectivity of the polycondensation. Even
though the biphenyl monomer contained fluorine atoms at three different positions, the 4-4’
positions are the most reactive due to electronic and steric factors.

Several PAEKSs were prepared with 4-(4-trifluoromethylphenyl)pyridine moieties in the
main chain (Figure 1-2(c)) in order to create a strong, low dielectric constant materials for printed
circuit boards.’® All polymers have comparable mechanical properties to PEEK and PEKK and
exhibit lower water uptake, probably due to the presence of the pendant trifluoromethyl groups.
Dielectric constants of these materials range from 2.62-2.75 at 1 MHz, which is one of the lowest
reported for fluorine-substituted PAEKS.

PEEKSs with greater hydrophobicity and better dielectric properties for microelectronic
devices were prepared by nucleophilic substitution polycondensation of fluorophenyl and
difluorophenyl hydroquinones with difluorobenzophenone (Figure 1-2(c)).}” The contact angle of
water for solution-cast films increases from 83.9° for PEEK to 90.3° and 98.4° for mono and
difluorophenyl-substituted PEEKS, respectively. The dielectric constants of the fluorine
containing PEEKSs are as low as 2.75 at 1 MHz for difluorophenyl-PEEK, likely due to the
disruption of chain packing. The tensile strength and modulus of films prepared from
fluorophenyl-PEEKS range from 95.2-98.3 MPa and 3.06-2.74 MPa, respectively.

The examples highlighted here demonstrate the effective use of copolymerization to tune
the properties of PAEKs. On-going work is likely to lead to new materials with properties
beyond the current state-of-the-art, by taking advantage of the tremendous versatility of organic

chemistry.



1.2.3 Crosslinking

Post-polymerization modification of commercially available PEEK and PEKK to obtain
desired properties can avoid costly polymerization and purification of tailor-made monomers and
copolymers. Desired properties include higher Ty, dimensional stability and creep resistance at
high temperature. Their insolubility in common organic solvents*® poses challenges for obtaining
uniformly modified polymers, so chemical treatments are usually conducted on fine powders or
reactor flake in the presence of a solvent swelling agent or typical polymerization solvents.

Crosslinkable PEEKSs based on aromatic imine crosslinks were prepared by modifying
commercially available PEKK (Victrex 151G) in molten diphenyl sulfone from 250-260°C.**
Figure 1-3 shows imine linkages were introduced at 5 and 10% of the ketone positions using
phenylene diamine and other aromatic diamines.?® During subsequent hot-pressing of films and
curing, the free amines formed more imine linkages to complete the crosslink network.
Crosslinked PEEKSs have improved creep resistance at high temperature and higher T, compared
to unmodified PEEK. Also, a rubbery plateau modulus is apparent above T4 from 200-400°C.

These types of “soft” elastomeric PAEKs are envisioned for high temperature, high
pressure seals and connectors in corrosive environments due to their dimensional stability,
chemical resistance?!, and mechanical properties at elevated temperatures.

Burgoyne and coworkers developed a series of diol crosslinkers based on 9-fluorenenone
with various rigid and flexible arylene backbones (phenyl ether, naphthyl, anthracyl, biaryl,
etc.).?? In particular, a crosslinker containing a diphenyl ether backbone (Figure 1-3(b)) was
mechanically blended with Victrex PEEK450 in a cryomill and hot-pressed into rectangular
specimens at 400°C. The crosslinked network is thermally stable up to 400°C and the T, of the

base polymer increases from 151°C to 161°C. The crosslinking is hypothesized to occur by initial
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hydroxyl dissociation from the crosslinker to form a carbocation that then undergoes Friedel-

Crafts alkylation of the arylene backbone.
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Figure 1-3: Recent crosslinking strategies for PAEKSs.
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A crosslinkable PPEK copolymer containing pendant ethynyl groups was prepared via
nucleophilic substitution polycondensation with an ethynylphenyl bisphenol (Figure 1-3(c)).”* **
The ethynyl groups survive the polymer synthesis and undergo crosslinking at elevated
temperatures, causing an increase in Ty to 266°C. Furthermore, the ethynyl groups were also
modified by click chemistry to introduce fluorescent pyrene groups into the side chain, thereby
increasing the photoemission quantum efficiency with respect to the unmodified PPEK
copolymer.

A series of high T, phthalazinone-based poly(arylene ether nitrile) oligomers bearing
pendant and terminal cyano groups were synthesized by nucleophilic substitution.”® The
oligomers are crosslinkable in the presence of terephthalonitrile and zinc chloride catalyst above
300°C, resulting in the formation of s-triazine crosslinks as shown in Figure 1-3(d). The authors
suggested that only the terminal cyano groups participate in the crosslinking via a trimerization
mechanism. The crosslinked networks had gel contents ranging from 69-92wt% depending on the
oligomer molecular weight, catalyst composition, curing time/temperature and concentration of
crosslinkable groups.

The chemistries reported to date for crosslinking and modifying PAEKs in post-
polymerization are promising for high temperature applications. Furthermore, these crosslinking
chemistries can potentially be adapted to chemically modify the carbon fiber surface and improve
bonding with PAEK matrices. This is critical to maximize the reinforcement efficiency of

discontinuous carbon fiber composites, as we discuss below.
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Chapter 2

Next Generation High-Performance Carbon Fiber Thermoplastic

Composites Based on Polyaryletherketones

2.1 Introduction

Carbon fiber reinforced plastics are a versatile group of engineering composites that are
currently employed in aerospace, oil and gas,” medical,® and transportation applications’. They
consist of thermoset or thermoplastic polymers reinforced with discontinuous, unidirectional or
woven carbon fiber to obtain improved mechanical, thermal and electrical properties.
Discontinuous refers to short and long carbon fiber composites that are typically manufactured
via injection molding, compression molding, and extrusion. Continuous unidirectional
composites contain carbon fiber that is both aligned and continuous throughout the composite
form. Continuous fiber composites are also produced with fibers in cross-ply and woven
orientations in order to obtain a composite with enhanced mechanical properties in multiple
directions. The various architectures enable different applications. For example, discontinuous
fiber composites are used in high-volume applications where nearly-isotropic mechanical
properties are desirable. Continuous fiber composites are best utilized in low-volume applications
that require maximal mechanical properties in one or two directions, such as impact panels,
support beams and containment vessels.

Many different types of natural (i.e. lignocellulosic® °) and synthetic (i.e. aramid™ ')
fibers are commercially available that are effective at reinforcing various plastics. Unterweger et
al. provides an excellent overview of the mechanical and physical properties, cost, and
reinforcement effectiveness of synthetic and thermoplastic reinforcing fibers in polymer
matrices.”> The advantages of carbon fiber compared to other synthetic fibers include high

specific stiffness and strength, as well as good thermal and electrical conductivity. It is
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commercially available in various strengths and stiffnesses at a much lower cost compared to
other light-weight synthetic fibers. We focus on carbon fiber for this review, because we believe
it will play a major role in the next generation of engineering materials for the reasons described
above. The emerging market for carbon fiber reinforced plastics to replace metal components in
high temperature and/or corrosive load bearing applications requires base polymers with good
thermal stability and chemical resistance. Polyaryletherketones (PAEKS) are of great interest for
higher temperature applications due to their inherent thermal stability and high glass transition
temperature compared to other semicrystalline thermoplastics, such as polyamide 66,
polyphenylene sulfide* and various fluoropolymers.”*® PAEKs exhibit excellent chemical
resistance due to their chemistry and significant crystallinity; this class of materials also possess
superior thermal stability,"*** hydrothermal and UV resistance,? and facile melt processability
and recyclability”® with carbon fiber.

Table 2-1 summarizes the chemical structure and thermal transitions of a variety of
PAEKSs. Polyether ether ketone (PEEK) is the most widely available and is often used for high
pressure, high temperature applications despite having the lowest glass transition temperature in
the PAEK family. Polyether ketone (PEK), polyether ketone ketone (PEKK) and polyether ketone
ether ketone ketone (PEKEKK) have similar melt processabilities and crystallinity as PEEK, but
can withstand slightly higher service temperatures due to their higher glass transition
temperatures. Additionally, the crystallinity and thermal properties of PAEKs depend on their
stereochemistry. For example, PEKK synthesized from terephthaloyl chloride (as shown in Table
2-1) exhibits a Ty of 175°C and T, of 410°C with high crystallinity, while PEKK derived from
isophthaloyl chloride exhibits a T, of 156°C and T, of 338°C with lower crystallinity.
Consequently, a ratio of the two isomers (referred to as T/l ratio) is commonly used to balance

high crystallinity and T, with relatively low T, to facilitate melt processability.
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PAEK:Ss that incorporate bulky monomers to restrict chain motion and therefore increase
Ty have been reported. For example, polyphthalazinone ether sulfones exhibit glass transition

temperatures ranging from 225 to 305°C depending on the phthalazinone/sulfone monomer

Table 2-1: Molecular structure and thermal transitions of select polyaryletherketones

Common name
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ratio.®® Similarly, polyphthalazinone ether ketone has a Ty of 253° C compared to 175°C for
PEKK.?" ?® Unfortunately, increasing the glass transition temperature by incorporating sterically
bulky moieties in the main chain and as pendant groups can reduce the crystallinity, therefor
limiting chemical and creep resistance. Nevertheless, a compromise between chemical resistance
and high T, can be achieved through copolymerization or melt blending.

The glass transition temperature of semi-crystalline PAEKs can be increased through
copolymerization with the amorphous PAEKs mentioned previously.*® These copolymers
typically exhibit lower degree of crystallinity and slower crystallization rates than semi-
crystalline PAEK, but improved chemical resistance compared to amorphous PAEKS. For
example, PEEK-PPEK copolymers exhibit a T, between 200 and 250°C.* * This allows access
to higher service temperatures, while maintaining a reasonable degree of crystallinity and
chemical resistance of neat PEKK. Similarly, co-polymers of polyphthalazinone ether sulfone
ketone (PPESK) and PEKK exhibit glass transitions above 300°C.%

The combination of high strength, high modulus carbon fiber and high T4 PAEKS is a
promising pathway to the next generation of polymer composite materials suited for high
temperature applications in corrosive environments. Further progress will require the
development of chemically resistant, high T, PAEK blends and alloys and an improved
engineering of interactions between PAEK and carbon fiber surfaces. We predict interfacial
engineering of the inert carbon fiber surface for compatibility with the high T4 PAEK family will
be required to unlock the full potential of this class of composites. In this review, we outline
these challenges and present potential opportunities for the mechanical properties and interfacial

engineering to move beyond current leading PAEK composites.
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2.2 Mechanical Properties of PAEK-Carbon Fiber Composites

The mechanical properties of PAEK carbon fiber reinforced plastics generally depend on
the form of the carbon fiber (unidirectional vs. discontinuous), its volume fraction and orientation
in the composite matrix, and the manufacturing process (compression, injection, extrusion, etc.).
Figure 2-1 compares typical tensile properties of PAEK-based carbon fiber reinforced plastics
with common metal alloys. Unidirectional fiber composites comprising approximately 70 vol%
carbon fiber exhibit superior tensile modulus and strength compared to metal alloys and represent
the upper limit for mechanical properties of PAEK-based carbon fiber reinforced plastics because
the carbon fiber is aligned continuously throughout. Unidirectional composites are usually
assembled and compression molded in cross-ply layup patterns in order to achieve the high
mechanical performance in more than one direction.®* The mechanical properties of

unidirectional and cross-ply composites are described by a simple rule of mixtures.
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Figure 2-1: Typical tensile properties of common metallic alloys and carbon fiber reinforced
PAEKSs including continuous unidirectional fiber (UD), hot compression molded discontinuous
fiber (HCM), injection molded short and long fiber composites (INJ). The region enclosed by the
dotted line represents target properties for next generation PAEK carbon fiber reinforced
composites that combine the mechanical properties of UD fibers and the processability of short
fibers.
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Processing parameters have a large influence on the final composite properties. For
example, Price et al. demonstrated the relationship between thermoforming processing parameters
(i.e. temperature and time) and final composite characteristics, such as crystallinity and surface
roughness, for PPS carbon fiber laminates.®® They found that the flexural strength of molded
laminate composites is proportional to the degree of crystallinity of the thermoplastic matrix.

Additionally, the crystallinity of the matrix is controllable over a wide range and the
desired crystallinity can be obtained by selecting the appropriate combination of mold tool
temperature and processing time. Practically, a composite with high flexural strength would be
produced by holding the mold at a temperature between T, and T. of the semi-crystalline
thermoplastic matrix for a duration of time required to allow maximum crystallization to develop.
A similar dependency is expected to exist for PAEK carbon fiber composites because they are
also a high temperature semi-crystalline thermoplastic.

Compression molded discontinuous carbon fiber composites can have mechanical
properties similar to unidirectional composites if the fibers are sufficiently long and aligned.**
Unfortunately, the compression molding process applies low melt shear stress, which is
insufficient for fiber alignment. Therefore, these composites are usually molded with randomly
oriented fibers.

The mechanical properties of discontinuous short carbon fiber injection molded
composites with high carbon fiber content can be comparable to low strength metal alloys, but are
considerably lower than both continuous unidirectional and discontinuous compression molded
composites. This drastic difference is characteristic of injection molded composites where high
shear stresses in the polymer melt during processing promote fiber breakage. Because PAEKS are
some of the more viscous thermoplastics, it is challenging to reduce melt shear stress and improve

fiber length retention simply by adjusting processing conditions and mold design.
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A popular strategy to overcome fiber breakage is to directly inject long pellets that
consist of fiber bundles impregnated with polymer. The fibers span the full length of the pellet
and can be up to 25 mm in length. Long fiber pellets of this type can be compression molded for
small quantity parts that require high dimensional stability, stiffness and strength. They can also
be injection molded in larger quantities to obtain high dimensional stability and reasonable
stiffness and strength. Although fiber breakage still occurs in injection molded long fiber pellets,
the fiber length is longer in the final part compared to compounded short fiber pellets. Phelps et
al. predicted fiber length attrition in injection molding long fiber composites and verified their
predictions in glass fiber/polypropylene long fiber composites.* They found that the fiber length
decreased from an initial fiber length of 13 mm to a number average of 1.58 mm during injection
molding. Despite the large decrease in fiber length, this is still a significant improvement over

short glass fiber composites where the average fiber length is less than 0.4 mm after twin screw

41-43 44-46

compounding.*® Long fiber composites based on polypropylene and polyamide matrices
are well covered in the literature, but PAEK matrices are largely unexplored due to their higher
cost and processing challenges.

Processing challenges for PAEK-carbon fiber composite parts include high melt
temperature and melt viscosity. Commercial PAEKs are available in various grades whose
viscosities range approximately 100-1500 Pa's at 370-400°C.*"** The high melt viscosity
prevents composites from achieving full wet out or coverage of carbon fibers by the PAEK
matrix, resulting in voids within the composite structure and reduced mechanical properties.
Recommended composite processing temperatures are typically 50-80°F above the PAEK
melting temperature to improve flow and ensure wet-out of fibers. The viscosity of the melt can
also be reduced through the addition of compatible plasticizers, such as thermotropic liquid

crystalline polymers and macrocyclic compounds, and thereby reduce the required processing

temperatures. For example, addition of thermotropic liquid crystalline poly(ether ketone)acrylates
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to PEEK reduced the melt viscosity and allowed the polymer to be processed at 365°C, which is
lower than the required temperature for neat PEEK (380°C).* Similarly, temporary four-fold
reduction of viscosity for PEEK was achieved by melt blending with macrocyclic aromatic
thioetherketones.® But, the low molecular weight macrocycles underwent rapid uncatalyzed ring-
opening polymerization above 430°C to form high molecular weight poly(thioetherketone),
which restored the viscosity to that of neat PEEK. This strategy could facilitate full wet out of
carbon fiber bundles and aid processing of composite parts, while preserving the PAEK matrix
properties. At least one commercial disadvantage, however, is the additional high temperature
ring-opening polymerization step, which is similar to curing required for thermoset based carbon
fiber composites.

Continuous fiber composite parts are manufactured from woven, nonwoven and
unidirectional prepreg fabrics and sheet molding compounds (SMCs), as well as impregnated
carbon fiber tows and tapes (towpregs). Processing techniques for continuous fiber composites
include in and out of autoclave compression molding, thermostamping, thermoforming, filament
winding, automated fiber placement and 3-D printing. Discontinuous fiber composites are
typically manufactured from bulk molding compounds (BMCs) via compression molding and
from long fiber pellets via injection molding. In all cases, full fiber wet out is essential to obtain
good mechanical properties.

Many micromechanical models have been developed and adapted to predict the
macromechanical behavior of discontinuous carbon fiber reinforced plastics.’>" Among these,
the Kelly-Tyson model adequately describes the mechanical behavior of discontinuous fiber
reinforced composites.>” This model assumes the interfacial shear strength, z, of the polymer-fiber
interfacial bond is constant along the length of the fiber. It defines a critical fiber aspect ratio,
(I/d)., as the ratio of the fiber length to fiber diameter below which shear stress cannot be

effectively transferred from the matrix to the fiber:
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Equation 2-1: Critical fiber aspect ratio

ot is the ultimate tensile strength of the fiber. As the fiber aspect ratio exceeds the critical aspect
ratio, more of the stress is transferred to the fiber and composite failure is accompanied by fiber
fracture.

The fiber reinforcement efficiency is a measure of the reinforcement effectiveness of
discontinuous fibers compared to their continuous, unidirectional counterpart, which represent the
upper strength limit. It is formally defined as the ratio of the discontinuous and unidirectional
fiber composite strengths at the same fiber composition. Poor interfacial bonding, misaligned
fiber orientation and short fiber lengths will cause the fiber reinforcement efficiency to be low.
Figure 2-2 shows the theoretical fiber reinforcement efficiency as a function of multiples of the
critical fiber aspect ratio for an aligned, discontinuous fiber composite. The Kelly-Tyson model
and rule of mixtures were used to calculate the strengths of the discontinuous and unidirectional
fiber composites, respectively. Fiber reinforcement efficiency increases with increasing fiber
aspect ratio because longer fibers can sustain greater stress without breakage or matrix pull-out.
This behavior was confirmed using the Kelly-Tyson model to approximate the interfacial shear
strength and fiber reinforcement efficiencies of injection molded short and long glass reinforced
polyamide-6,6. The fiber reinforcement efficiency was indeed greater for long fiber composites
compared to those with shorter fibers, while the interfacial shear strength was marginally
affected.”®

Current PAEK short fiber composites achieve a maximum fiber reinforcement efficiency
of about 40% (Figure 2-2) as calculated from ultimate tensile strength data for commercially

available materials.® ® At five times the critical aspect ratio, it is theoretically possible to achieve
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Figure 2-2: Theoretical fiber reinforcement efficiency predicted by the Kelly-Tyson model as a
function of multiple of critical fiber aspect ratio(l/d).. Point 1 indicates the maximum

reinforcement efficiency for current short carbon fiber reinforced PAEKS. Point 2 represents the
practical target reinforcement efficiency for next generation LFT composites based on PAEKS.

90% of the mechanical properties of the unidirectional composite (Figure 2-2). This is a practical
target for next generation long fiber thermoplastic composites, which can be achieved through a
combination of long fibers (increased fiber aspect ratio) and improved PAEK-carbon fiber
interfacial bond (decreased critical fiber aspect ratio). The typical length of carbon fibers in state
of the art discontinuous composites is less than 0.5 mm, which means the average fiber length
must increase to ~2.5 mm to achieve 90% of the mechanical properties of unidirectional
composites without improving interfacial bonding. In reality, the fiber length may only need to be
increased 2-3 fold if the interfacial shear strength of a PAEK matrix is doubled through surface
modification of carbon fibers.

Figure 2-3(a) & (b) show the tensile properties of PEEK and PEKK-based short
discontinuous carbon fiber composites. PEKK composite tensile properties were obtained
according to ASTM D638,% but the same for PEEK composites reported here were obtained from
Victrex datasheets® and were reportedly measured according to 1SO 527, which produces higher

values compared to ASTM D638. The overall trend demonstrates a phenomenon that is common
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to all discontinuous fiber reinforced thermoplastics with fiber loadings greater than about 20
vol%. Ultimate tensile strength increases linearly as tensile modulus increases (achieved by
adding up to 0.2 volume fraction carbon fiber). Tensile moduli will continue to increase linearly
between 0.2 and 0.4 fiber volume fraction, while the gain in ultimate tensile strength is reduced.

Finally, tensile strength plateaus at a constant value as the fiber volume fraction is increased
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Figure 2-3: Tensile properties as a function of fiber volume fraction for PEEK and PEKK

reinforced with short carbon fiber: (a) ultimate tensile strength, (b) tensile modulus and (c) fiber

reinforcement efficiency.” ®
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above ~0.4. As Figure 2-3(c) shows, the fiber reinforcement efficiency decreases significantly
with increasing fiber volume fraction. This is a major challenge currently limiting the strength
performance of discontinuous carbon fiber composites.

Possibly, the large number of defects (fiber ends) in the composite at fiber loadings above
40 wt% counteract the load bearing ability of reinforcing fibers. Alternatively, the dispersion of
the fibers or the fiber-to-fiber distance is inadequate to efficiently transfer load from the matrix to
individual fibers. Figure 2-2 and Figure 2-3 suggest that the potential exists to significantly
increase the strength of high modulus carbon fiber polymer composites by reducing defects and
improving dispersion and fiber wetting. We propose that high strength, high modulus composites
can be achieved by a combination of long fibers at a compositional loading below a critical value
(~40 wt%) and fiber-matrix interfacial engineering.

The targeted mechanical properties for next generation LFT composites based on PAEKS
are identified by the dotted region in Figure 2-1. These materials should be suitable for high
volume production by injection molding yet exhibit comparable stiffness and strength to their
compression molded and unidirectional carbon fiber composite counterparts. Long fibers should
be used in order to achieve these target properties; however, carbon fiber length retention during
melt processing is limited by the high shear stresses in PAEK polymer melts. Therefore, the
critical aspect ratio must simultaneously be reduced. Based on the Kelly-Tyson model, this can be

achieved by strengthening the PAEK-carbon fiber bond through interfacial engineering.

2.3 Interfacial Engineering

The neat carbon fiber surface is graphitic and relatively inert toward PAEKS, so obtaining
a strong interfacial bond requires surface activation through additional chemical and/or physical

treatments.®> Typical surface treatment strategies include surface sizing, electrochemical
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oxidation, plasma treatment, and grafting. Table 2-2 lists examples in which these techniques

were used to improve the interfacial bond between various PAEKSs and carbon fiber.

Table 2-2: Techniques used to improve the PAEK-carbon fiber interfacial bond

Fiber surface

Description Advantages Disadvantages References
treatments
Carbon fibers are coated with a -
X . Limited to
thin layer of a polymeric - -
. d S Existing physical
. interfacial modifier (called ? . : 61-65
Sizing agent - . . commercial interfacial
sizing) before incorporation infrastructure  interactions
into the same or different . i
. . requires VOCs
thermoplastic matrix
Exposure to a carefully selected
. . Over exposure
plasma reaction gas (air, N,, :
Plasma . . Dry system  damages fiber, 61, 66-69
0,) introduces the desired e
treatment . R (no solvents) difficult to
chemical functionality onto the
. scale-up
fiber surface
_ _ Oxygen fun_ctlonallty is Expc_)s_ure Over exposure
Electrochemical introduced uniformly on the conditions . 61,70, 71
S . . damages fiber,
oxidation fiber surface by exposure to an easily Wet svstem
electrochemical bath controllable Y
Organic and/or inorganic
) Many .
compounds undergo chemical ossibilities Relatively
reaction with the carbon fiber P X difficult and
. . . for chemical 7274
Surface grafting surface in order to improve and ohvsical costly due to
interfacial transport properties na pnys| multi-step
. ) interfacial
and bonding with polymer processes

matrices

interactions

2.3.1 Sizing

Sizings are low molecular weight or fully developed polymers that are applied directly to
the carbon fiber surface to enhance matrix polymer adhesion and to reduce fiber damage during
fiber processing. Carbon fiber sizing chemistries based on urethane and epoxy thermosets are
well-known and readily available,”"" but are not compatible with PAEKs nor are they stable at
higher service temperatures. Such thermoset-based sizing chemistries are suitable for most

thermoset matrices because they form covalent linkages with both the matrix and carbon fiber
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surface. They are not compatible with PAEK thermoplastics due to the low chemical reactivity of
the main polymer chain. Compatible sizings that improve the interaction between carbon fiber
and PAEK thermoplastic matrices typically function by entangling chains with the matrix rather
than chemical linkages; thus, some degree of mixing between the sizing compound and the PAEK
matrix is required.

Polyether imide (PEI) is a good candidate sizing material for carbon fiber in PEEK-based
composites because it is thermally stable and exhibits at least partial solubility with polyether
ether ketone.”® Giraud et al. obtained a continuous interface between carbon fibers and PEEK
matrix using PEI dispersions prepared by an emulsion/evaporation technique.®® Figure 2-4 shows
the difference between the interfaces of unsized and PEI-sized carbon fiber PEEK composites.
The PEI-sized fibers exhibit a continuous interface with the PEEK matrix, suggesting improved
adhesion to the PEI sized carbon fibers. Similarly, PEKK-sized carbon fibers exhibit a continuous
interface with a PEEK matrix, while epoxy-sized fibers do not.®* The same study demonstrates
that the PEKK-sized fiber composite is not affected by kerosene saturation due to the solvent
resistance of polyketones.

Sizing agents with chemical motifs similar to the polymer matrix have been
effective in improving adhesion to the carbon fiber surface, such as a PPEK/carbon fiber
composite with PPEK-sized carbon fibers.® This resulted in improved wettability of the carbon
fiber surface and a 30% improvement in apparent interfacial shear strength compared to unsized
carbon fibers.*

Sizing application is historically the common way to improve fiber-matrix interaction

while simultaneously facilitating the handling of fiber tows. Many carbon fiber manufacturers
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Figure 2-4: PEEK/carbon fiber composite containing (left) unsized carbon fibers and (right) PEI-
sized carbon fibers.®? Reprinted from Applied Surface Science, Copyright 2013, with permission
from Elsevier.

already have the equipment and infrastructure required to produce sized carbon fibers on a
commercial scale. Furthermore, sizings will continue to play a major role in fiber surface
modification. Unfortunately, there are few commercially available sizings that are compatible
with PAEK matrices. In fact, these composites usually contain unsized fibers that have been
electrochemically or plasma treated. Sizing chemistries based on amorphous and semi-crystalline
PAEKs are necessary to improve the service lifetime and maximum allowable operating

temperature of PAEK composites.

2.3.2 Plasma Treatment

Plasma treatment involves exposure of the carbon fiber to a plasma gas to increase surface
roughness and introduce polar functional groups to the carbon fiber surface in order to improve
wettability and adhesion of the PAEK matrix.?*® This is achieved using a variety of gases, such

as air, oxygen, ammonia and nitrogen. Oxygen plasma treatment increases fiber surface acidity

and hydrophobicity through the addition of carbonyl, carboxylic acid and alcohol residues.?*®

Other applications of plasma treatment on fibers and textiles are described elsewhere.®” %
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Figure 2-5: SEM images of fracture surfaces for PAEK composites containing (a) untreated and
(b) oxygen plasma treated carbon fibers.®” Reprinted from Polymer Composites, Copyright 2013,
with permission from Wiley.

Li et al. achieved approximately a 12% improvement in the interlaminar shear strength of
a PAEK-carbon fiber system by using oxygen plasma treated carbon fibers.®” They found that the
surface roughness and oxygen surface composition increases with increasing amounts of oxygen
plasma treatment. Characterization was done through X-ray photoelectron spectroscopy (XPS), a
surface characterization technique commonly used to characterize the surface chemistry of carbon
fiber and polymers and their interactions at buried interfaces.®® * Figure 2-5 shows the
differences in the fracture morphologies of untreated and oxygen plasma treated PAEK-carbon
fiber interlaminar shear stress specimens. The PAEK matrix exhibited poor adhesion to untreated
carbon fibers (Figure 2-5(a)), resulting in mechanical failure at the interface due to matrix
debonding. The same matrix showed enhanced adhesion to plasma treated carbon fibers resulting
in fracture of the matrix, while leaving the interface significantly more intact (Figure 2-5(b)).
They also found that excessive oxygen plasma treatment results in reduced interlaminar shear
strength and reduced composite performance. In another example, Xie et al. found that plasma

modified carbon fibers in a polyimide matrix have 20% greater interfacial shear strength
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compared to unmodified fibers when exposed for 32 s, but the increase was only 5% when
exposed for 64 s.” They also found that single fiber tensile strength may decrease with
prolonged plasma exposure.

A 13% improvement in interlaminar shear strength was reported for a PPESK-carbon
fiber system using oxygen plasma treated carbon fibers.”® They similarly found that the failure
mode for plasma-treated carbon fibers is different from untreated composites and that there is an
optimum plasma treatment time beyond which the carbon fiber becomes damaged from
prolonged exposure. Residual polymer remains on the fiber surface after exposure to concentrated
sulfuric acid, suggesting that interfacial bonds may be covalent. FT-IR spectoscopy indicates the
presence of ketene residues, which are not present in the neat polymers.

Abrasive wear studies were conducted on composites of PEEK and carbon fabric exposed
to cold remote nitrogen oxygen plasma treatment.®® ®* % The composite tensile strength of treated
specimens improved 8% compared to untreated composites, suggesting an increase in interfacial
shear strength. A more recent study from the same research group shows the plasma
modifications result in a 22% increase in interfacial shear strength and a 26% increase in wear
resistance despite a 5% reduction in single fiber tensile strength.”

Overall, plasma surface treatment has been succesful in achieving improvements in
interfacial bonding and shear strength, but over-exposure to plasma can reduce the tensile
strength of individual fibers. Thus, successful plasma modification requires tight control of
optimal exposure conditions to produce an improved interface without sacrificing fiber
mechanical properties. Plasma surface modifications will likely play a minor role in next-
generation composites because the improvements to composite properties are only marginally
better than the improvements obtained from currently widespread electrolytical treatments of

carbon fibers.
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2.3.3 Electrochemical Oxidation

Electrochemical oxidation is used to introduce polar functionalities to the surface of
carbon fibers which in turn improves the interfacial interaction between fiber and polymers.
Electrochemical oxidation is currently the industry standard for increasing surface activity of
carbon fiber and is performed as the final step in its manfacture. Types of functional groups
added to the carbon fiber surface include hydroxyl (C-OH), carbonyl (C=0) and carboxyl
(COOH).**" Liu et al. studied the effect of electrolytic oxidation in aqueous ammonium oxoalate
solutions on the surface properties of PAN-based carbon fibers.”® They found that fine control of
the oxidation treatment parameters not only introduced active surface functional groups, but also
removed weak carbonaceous components from the surface thereby exposing a more crystalline
graphitic surface. This improved the interfacial shear stength with an epoxy matrix by nearly 10%
and increased the fiber tensile strength by 16%. In a similar study, carbon fibers
electrochemically oxidized in aqueous ammonium bicarbonate solution showed a 40%
improvement of interfacial shear strength in an epoxy matrix, while preserving carbon fiber
mechanical strength.*® Figure 2-6 compares the fracture morphologies of micro-bond test
specimens containing untreated and electrochemically oxidized carbon fibers. After micro-bond
tests, the untreated carbon fiber has little to no residual epoxy resin bonded to the surface, while
the oxidized carbon fiber has a significant amount of residual epoxy resin. Similar interfacial
bonding characteristics have been observed in composites based on PAEK matrices as discussed
below.

Carbon fibers are pretreated with piranha (sulfuric acid and hydrogen peroxide) and
chromate solutions to oxidize the surface and promote bonding with PEEK matrices.'® XPS
indicates an increase in surface O/C ratio accompanied by an increase in surface hydroxyl and

carboxyl groups. The composites with chromate-treated fibers increased in interlaminar shear
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Figure 2-6: SEM images of epoxy/carbon fiber micro-bond test specimens after fracture
containing (a) untreated and (b) electrochemically oxidized carbon fibers.”® Reprinted from
Carbon Letters, Copyright 2016, with permission from Korean Carbon Society.

strength by 25%, while the carbon fibers treated in a piranha solution at 100 °C showed a 14%
increase in interlaminar shear strength. Fractured composite specimens containing untreated
fibers and fibers treated at room temperature with piranha solutions exhibit clear debonding of the
fibers and the matrix, which correlates with the marginal increase in interlaminar shear strength.
In contrast, composites where carbon fibers are treated with piranha or chromate solutions at 100
°C have an intact interface after fracture, suggesting strong adhesion with the PEEK matrix.

An example of the use of electrochemically oxidized carbon fibers in PEKK matrices was
reported by Sherwood et al., where surface interactions between PEKK and electrochemicallly

oxidized pitch-based carbon fibers were investigated using XPS.”™ They did not find any evidence
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to suggest that PEKK reacts with untreated carbon fibers. On the other hand, chemistry between
PEKK and treated carbon fibers appears to occur. Electrochemical oxidation in nitric acid
increases the total amount of oxidized surface carbon and produces hydrogen-bridged oxide
structures, carbonyl, and carboxyl groups on the surface of the carbon fiber, while decrasing the
amount of graphitic carbon. Chemical reactions were proposed between PEKK carbonyl groups
and hydrogen-bridged oxide structures on the carbon fiber surface. The authors also found
evidence that these interfacial interactions are susceptible to degradation upon exposure in saline
solution at 92°C for 10 days. The authors did not report any effect of the electrochemical
oxidation on the mechanical performance.

Electrochemical oxidation to enhance the chemical reactivity of the carbon fiber surface
significantly improves the interfacial bond in composites. In addition to relying on direct
interaction with PAEK matrices, the potential exists for further functionalization of the carbon

fiber surface via oligomer grafting techniques that can further improve the interfacial bond.

2.3.4 Surface Grafting

Surface grafting relies on a direct chemical reaction with the carbon fiber surface
resulting in a covalent bond between surface functional groups and the polymer and/or interfacial
modifier. There are limited examples of surface grafting of carbon fibers for thermoplastic
compatability, and even fewer relating to PAEKS. Soulis et al. reported electrochemical grafting
of 4-phenoxybenzoic acid onto oxidized carbon fibers to improve wetability by PAEKS, such as
PEK and PEEK."” In this work, carbon fibers were electrochemically oxidized in sulfuric acid in
order to provide surface reactivity for electrochemical grafting of 4-phenoxybenzoic acid (4-
PBA). The 4-PBA coating improves the thermal degradation resistance of electrochemically

treated carbon fiber. They did not report any effects on the wettability of carbon fiber by PAEK
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Figure 2-7: SEM images of fracture surface of epoxy composite containing (a) untreated and (b)
CNT surface grafted carbon fibers.’®® Reprinted from Materials Letters, Copyright 2014, with
permission from Elsevier.

or mechanical performance.

There are examples of grafting nanoparticles to the surface of carbon fiber in order to
improve matrix bonding.”> Zhang et al. reported carbon nanotube/carbon fiber multi-scale
reinforcement prepared by grafting multiwalled carbon nanotubes onto the surface of carbon
fibers.™ Similarly, a step-wise reduction technique to functionalize carbon fibers with multiwall
carbon nanotubes results in a two-fold improvement in interfacial bonding with an epoxy
matrix.’®* The fracture morphologies of epoxy composites with untreated and CNT surface
grafted carbon fibers is shown in Figure 2-7. Untreated fibers cleanly pull-out from the matrix,
while fibers with CNTs grafted onto their surface break at the fracture face without matrix pull-
out. Intermediate NH,-functionalized carbon fibers also exhibit a 75% improvement in interfacial
bonding with the same epoxy matrix. This suggests that mechanical interlocking of chains is
more effective than covalent linkages at the fiber-epoxy matrix. Li et al. obtained similar results
using a polyamidoamine to form a carbon nanotube heirarchical structure.'® We expect that this

mechanism for enhancing interfacial bonding can be adapted to PAEK matrices because it
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appears to not depend on specific interactions or chemistries; instead, it relies only on fiber
surface area. A more in-depth discussion of hierarchical composites based on carbon nanotubes
can be found elsewhere.*®®

Although there are not many examples of the use of surface-grafted carbon fibers in
PAEK matrices, their performance in other thermoplastic and thermosets suggests promising
opportunities for PAEK composites. Surface grafting will be essential to pushing the limits on
interfacial shear strength in PAEK matrices because it creates either covalent linkages between
the polymer and the fiber or significantly increases the fiber surface area without sacrificing

mechanical properties.

2.4 Roadmap for Next Generation Carbon Fiber Composites

The next generation of discontinuous fiber PAEK composites must exhibit exceptional
strength and stiffness (comparable to unidirectional fiber composites), operate at elevated
temperatures, and be suitable for high volume manufacturing techniques. The target tensile
properties identified in Figure 2-1 will be achieved in part through the continued use of
discontinuous fibers sufficiently longer than the critical fiber length. In addition, improvements in
the interfacial fiber-matrix bond strength will reduce the critical fiber length, making fiber
retention during high shear molding processes less critical.

Interfacial engineering is the key to strengthening the fiber-matrix bond, either through
fiber sizing, plasma treatment, electrochemical oxidation and/or surface grafting. Advances in
carbon fiber plasma treatment techniques have allowed for modest increases in the interfacial
bond strength, while the surface chemistries are confined to the limited choice of plasma gases.
Electrochemical oxidation is the current industry standard and offers similar functionalization of

the carbon fiber surface. Unfortunately, most commercial electrolytic oxidation processes are not
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optimized to modify carbon fibers for compatibility with PAEKS, rather they are intended to
prepare the surface of the fibers for improved bonding with thermoset matrices.

Application of a compatible sizing agent to the fiber surface is the simplest interfacial
modification technique, but few sizing chemistries are currently available and compatible with
high temperature PAEKS. Developments in this area would have short-term commercial viability
because the manufacturing infrastructure for sizing application is already established.
Nevertheless, we expect improvements in mechanical properties of sized fiber composites will be
marginal compared to grafted fiber composites because the former is based on relatively weak
physical interactions while the latter utilizes strong covalent bonds. Surface grafting of carbon
fibers is the least investigated interfacial modification technique to date, but, it has the potential to
drastically improve the mechanical performance of PAEK carbon fiber reinforced composites.

Surface modification chemistries can be adapted from available crosslinking chemistries
for PAEKSs. Both sizing and grafting methods to improve the interfacial bond have the benefit of
being tailorable to specific PAEK molecular architectures. Short-term enhancements in the
mechanical properties of PAEK carbon fiber composites will likely be achieved through new
sizing chemistries that can be coated onto fibers using existing industrial equipment. We predict
that long-term improvements toward the next generation of long carbon fiber composites that
push the limits of polymer mechanics will rely on the use of surface grafting techniques and

chemistries tailored to PAEK matrices.
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Chapter 3

Enhancing Resistance of PEKKSs to High Temperature Steam
Through Crosslinking and Crystallization Control
3.1 Introduction
Poly(aryl ether ketone)s (PAEKS) are a family of high performance thermoplastics which
offer excellent chemical and thermal resistance, good mechanical properties and

manufacturability into end-use components for critical applications. They find widespread use in

1-3 5 0 12
l,

the medica semiconductor manufacturing,® aerospace,®™®  automotive™ and
petrochemical™ ** industries. Poly(ether ether ketone) (PEEK) (Figure 3-1(a)) is the most widely
available of the PAEK family, has the largest production volume, and performs well in most
sealing and connector applications that involve contact with drilling fluids and sour (sulfur-

containing) crude oil under high pressure and high temperature conditions.
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Figure 3-1: Chemical structure of (a) PEEK, (b) PEKK(T/I) and (b) 9-phenylenexanthydrol
crosslink precursor.
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Despite its superior performance in many downhole applications, PEEK is not suitable
for the highest temperature steam injection strategies utilizing cyclic steam stimulation,™ steam
flooding™ and steam assisted gravity drainage,'’ for recovery of heavy oils from oil sand
formations. Steam injection conditions can be as extreme as ~2200 psi and ~350°C in order to
heat heavy oil and reduce its viscosity, thereby facilitating recovery. Even with carbon and glass
fiber reinforcement, PEEK does not sufficiently retain mechanical properties at these conditions
because it is very near its melting point. Handling and containment of high pressure, high
temperature steam requires a thermally stable, highly creep resistant material that can provide an
effective seal for longer service periods. Other requirements include resistance to high
temperature steam, appropriate balance of creep resistance and ductility at service temperature
and facile melt processability and machinability into end-user components.

Looking to other members of the PAEK family, there are other candidate materials with
higher melting temperatures and similar chemical resistance and mechanical properties. Many of
the polymer chemistries currently available, along with thermal and mechanical properties, are
discussed in a recent review of next generation of carbon fiber reinforced PAEKSs.'® Melting and
glass transition temperatures of PAEKSs increase monotonically as the keto/ether ratio increases.™
In addition, higher degree of crystallinity and creep resistance are generally achievable through
higher keto/ether ratios. For example, PEK (50% keto) and PEKEKK (60% keto) offer improved
creep resistance compared to PEEK and are commercially available, though they are considerably
more expensive and are easily susceptible to degradation and gelation due to their high processing
temperature. PEKK (66% keto) is a more viable candidate for high temperature steam
applications, because it has the highest melting and glass transition temperatures among the
PAEK family, exhibits a balance of creep resistance and ductility, and is readily available to

manufacturers and engineers.
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PEKK is synthesized through Friedel-Crafts acylation of biphenyl ether and a mixture of
terephthaloyl and isophthaloyl chlorides in a suitable organic solvent with aluminum chloride
catalyst. While it has the highest keto/ether ratio of any commercially available PAEK, its
crystallinity and thermomechanical behavior can be tuned by controlling the monomer
stereochemistry. The ratio of tere and iso phthaloyl monomers (referred to as T/I ratio) in the
polymerization reaction effects stiffness and mobility of the resulting polymer chain, thereby
control of thermal and mechanical properties is achievable.”® PEKK with a higher T/I ratio
exhibits high crystallinity, higher temperature thermal transitions and superior creep resistance,
while PEKK with a lower T/I ratio exhibits reduced crystallinity, lower temperature thermal
transitions and good ductility. This tunability allows PEKK to find uses in wide-ranging
applications that require very different enabling thermal and mechanical characteristics.

Little has been reported on the effect of high temperature steam on PAEKS, however. A
series of high temperature steam treatment studies of PEEK, PEKK and their blends with
poly(benzimidazole) revealed that moisture absorption by these materials is reversible when
exposed to steam up to 288°C, but chemical degradation occurs in steam at 316°C.?*® In a steam
sterilization study, PEEK was found to exhibit an increase in strength and stiffness and a decrease
in ductility after being subjected to 134°C steam for 1000 hours.?* This behavior was attributed to
slight increases in crystallinity and/or reductions in internal stresses. Increases in crystallinity are
not favorable because it results in dimensional changes, embrittlement and reduced sealing
performance of the manufactured PAEK component.

In this study, we report the effect of high temperature steam on the crystallinity
and mechanical properties of PEKKs with various T/l ratios and compare to PEEK as a
benchmark. Changes in the crystalline structure were characterized by DSC and WAXD, while
the effect on mechanical behavior is demonstrated through flexural properties and DMA

temperature sweeps. We propose to limit crystal growth during steam exposure by reducing the
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Figure 3-2. (a) DSC heating cycle thermograms and (b) temperature dependent storage modulus
for ketimine crosslinked PEKK(75/25) before and after exposure to steam at 288°C for 72 hours.

polymer chain mobility through chemical crosslinking. Many methods have been reported for
preparing crosslinked PAEKSs through thermal annealing,” electron and ion irratiation®? and
chemical modification.®*" In our preliminary attempt to hinder the crystal growth in PEKK
during steam exposure, we investigated the steam stability of ketimine crosslink chemistry
reported previously for PEEK.* *' Figure 3-2 compares the DSC heating cycle thermograms (3-
2(a)) and storage moduli (3-2(b)) of ketimine crosslinked PEKK(75/25) before and after exposure
to steam at 550°C for 72 hours. Before exposure to steam, it does not exhibit a melting endotherm
at the expected melting temperature for neat PEKK(75/25) (~360°C). The crosslinking reaction
occurs very fast at the specimen molding temperature such that this material does not develop a
crystalline microstructure during cool down from the molten state. Additionally, the glassy
transition occurs at a higher temperature and the plateau storage modulus is maintained well
above the melting temperature of neat PEKK(75/25), which is consistent with a crosslinked
network lacking any crystalline phase. Both the DSC melting endotherm and DMA viscous

transition reappear after exposure to steam which demonstrates that ketimine crosslinks are not
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resistant to high temperature steam and do not effectively hinder steam-assisted crystallization.
Ketimine crosslinks likely hydrolyze under steam conditions to regenerate ketones present in neat
PEKK(75/25).

In this work, we utilize a xanthydrol-based crosslinking chemistry for PEKK shown in
Figure 3-1(c) to enhance steam resistance through crystallization control. The crosslink precursor
is inspired by a well-known 9-phenylenexanthydrol end-group that can form during Friedel-
Crafts polyacylation of PEKK.* Reaction of these end groups contributes to gelation, poor melt
stability and undesirable flow characteristics in PEKK melts.*® Through careful control of
crosslinking precursor and reaction conditions we are able to effectively stabilize the crystal
structure. We use DSC, WAXD and DMA to evaluate the effect of high temperature steam on

both neat and xanthydrol crosslinked PAEKS.

3.2 Experimental

Polymics, Ltd. provided injection molded ASTM D638 Type | tensile specimens of
PEEK, PEKK(75/25), bPEKK(88/12) and XL-PEKK(75/25). The T/I ratio of PEKK is indicated
in parenthesis. PEKK(75/25) is a random copolymer and bPEKK(88/12) is a melt blend with an
average T/l ratio of 88/12. XL-PEKK(75/25) is crosslinked PEKK(75/25) that was prepared using
a xanthydrol crosslinking group according to a proprietary method. Ketimine crosslinked
PEKK(75/25) specimens were prepared by dry mixing fine powders of phenylene diamine (10
mol% based on ketone content) and PEKK(75/25), then molding rectangular bars in a hydraulic
press equipped with heated platens. All specimens were annealed at 220°C prior to steam

exposure experiments.
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Steam exposure was conducted in a Parr pressure reactor (Model Number 4521M)
equipped with 2000 psi pressure gauge, J-type thermocouple, manual pressure relief valve and
rupture disc rated for 2000 psi. The internal temperature of the reactor was maintained using a
resistive heating jacket controlled by a digital microcontroller.

Reactor cylinder is charged with 200 mL of distilled water. Tensile specimens are
supported as high as possible above the water level using stainless steel mesh and vertical risers.
The reactor lid fitted with a PTFE gasket is installed and a 12” J-type thermocouple is secured
through the center of the lid using compression fittings. The reactor is placed in a resistive
heating jacket and heated up at ~3°C/min until reaching desired temperature. Steam aging time
starts when reactor reaches desired temperature. Typical pressure for 288°C steam is
approximately 1100 psi. After the steam aging duration, the heater is turned off and the reactor is
allowed to cool under ambient conditions until pressure is O psig (~6 hours). Then the reactor is
vented and opened to remove specimens. All specimens were dried overnight at 150°C after
steam exposure to remove absorbed water before further characterization.

Three-point flexural tests were conducted with an Instron load frame (Model 3367) with
10kN load cell and 5kN flexure fixture. Lower anvil span was 50 mm and upper anvil speed was
5 mm/min.

DSC experiments were conducted with TA Instruments DSC Q20 with a programmed
temperature ramp to 400°C or 450°C at 10°C/min. Thermal events and heats of fusion were
determined from thermograms using TA Universal Analysis software package.

DMA experiments were conducted with TA Instruments DMA Q800 in three-point
bending mode with nitrogen purge. Specimens were rectangular and measured 3x13x60mm.
Typical DMA method: Equilibrate at 50°C for 5 min, oscillate at 1 Hz and 0.01% strain during

temperature ramp to 400°C at 2°C/min
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WAXD experiments were conducted using Rigaku D/MAX RAPID with area detector

and Cu X-ray source (A= 1.542 A). Data collected in transmission mode. Exposure conditions
were the same for all samples.

FTIR spectra were collected using Bruker Vertex V70 equipped with MVP-Pro Star
Attenuated Total Reflectance (ATR) accessory (diamond crystal) from Harrick Scientific

Products, Inc.

3.3 Results and Discussion

Semi-crystalline PEEK, PEKK(75/25), bPEKK(88/12) and XL-PEKK(75/25) were
exposed to 288°C steam for various durations. The T/I ratio for PEKKSs is shown in parenthesis.
PEEK is included as the incumbent PAEK for steam handling applications. PEKK(75/25) and
bPEKK(88/12) potentially can be used at higher service temperature than PEEK due to their
higher T, PEKK(75/25) is a random copolymer, while bPEKK(88/12) is a melt blend of low and
high T/I ratio PEKK (average T/I ratio of melt blend is 88/12). XL-PEKK(75/25) is semi-
crystalline and contains xanthydrol-based crosslinks to stabilize the crystalline microstructure.
The effects of steam exposure on the four PAEKSs were evaluated using DSC, WAXD, flex

testing, FTIR, and DMA.
3.3.1 Differential Scanning Calorimetry (DSC)

Changes in crystallinity upon exposure to high temperature steam were identified by
monitoring the melting endotherm shape, and by integrating the melting endotherm to track heats
of fusion. Figure 3-3 shows DSC thermograms obtained during the first heating cycle for (a)

PEEK, (b) PEKK(75/Need 25), (c) bPEKK(88/12) and (d) XL-PEKK(75/25) after various
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durations of steam exposure at 288°C. Unexposed PEEK exhibits a relatively broad melting

endotherm followed by narrow double melting endotherms after 24 and 48 hours of exposure.

Double melting behavior is well documented for PEEK and is thought to be melting and

subsequent recrystallization of smaller, less stable lamella upon heating during a DSC

experiment.®*° The occurrence of double-melting behavior after 24 hours suggests a new
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Figure 3-3: DSC curves for (a) PEEK, (b) PEKK(75/25), (c) bPEKK(88/12) and (d) XL-
PEKK(75/25) after exposure to 288°C steam for 0, 24, 48 and 72 hrs.
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population of small lamella forms from the amorphous phase. The lower temperature melting
endotherm eventually disappears with further steam exposure and the peak shape is narrower
compared to unexposed PEEK, which suggests the new smaller lamella continue to grow in the
steam environment until achieving a narrow size distribution of larger crystallites.

High temperature steam also assists crystal reorganization and growth in PEKK(75/25).
While PEKK(75/25) does not show double melting behavior (Figure 3-3(b)), the single melting
endotherm becomes increasingly narrower and shifts to higher temperature with increased steam
exposure. This is once again indicative of a narrowly distributed population of overall larger
crystallites.

Unexposed bPEKK(88/12) has a single broad melting endotherm with a peak maximum
at ~390°C (Figure 3-3(c)). As expected, the melting temperature is higher compared to
PEKK(75/25) (~355°C) because the T/I ratio is greater. Upon exposure to steam for 24 hours, the
single melting endotherm is replaced by two distinct lower temperature melting endotherms at
~370°C and ~380°C. Further exposure to steam for 48 and 72 hours causes the melting
endotherm at ~380° to diminish and the melting endotherm at ~370°C to dominate. This trend is
opposite of PEEK and PEKK(75/25), for which the melting endotherms shift to higher
temperature with increased steam exposure. The crystal structure and thermodynamic stability of
bPEKK(88/12) is likely to be more complex because it is not a random copolymer, rather a melt
blend of low T/I PEKK and high T/l PEKK. We propose the melting temperature of unexposed
PEKK(88/12) is closer to the melting temperature of the high T/l PEKK because its crystals are
kinetically favored to contain more terephthaloyl units due to the faster crystallization rate of high
T/I PEKK.™ Upon increased steam exposure, the initial melting endotherm at ~390°C shifts to
lower temperature due to incorporation of more isophthaloyl units into the existing crystalline
structure. The appearance of an entirely new melting endotherm at ~370°C may correspond to

new crystal growth with a T/I ratio close to the low T/l PEKK component. This reorganization
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behavior is not expected to occur in PEKK(88/12) random copolymer because all of the chains
theoretically have the same T/l ratio, stiffness and mobility. Furthermore, specific T/I ratios
obtained by post-polymerization blending, rather than copolymerization, can potentially
experience dramatic microstructural reorganization while in use, which may adversely affect
maximum use temperature and service lifetime.

Initially, the melting endotherm for XL-PEKK(75/25) (Figure 3-3(d)) is broad and has its
maximum at ~345°C, which is lower compared to PEKK(75/25) (~355°C). XL-PEKK(75/25)
retains its semi-crystalline nature after the crosslinking reaction, which is not the case for
ketamine crosslinked PEKK as discussed later. Similar to PEEK and PEKK(75/25), the melting
endotherm becomes narrower and shifts to a slightly higher temperature (~360°C) upon exposure
to steam. This indicates the crystallites also reorganize into larger structures with a more narrow

size distribution.
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Figure 3-4: Heats of fusion for PEEK, PEKK(75/25), bPEKK(88/12) and XL-PEKK(75/25) as a
function of time exposed to 288°C saturated steam. Values are obtained by integrating the
melting endotherms shown in Figure 3-3. Each data point is an average of at least 2 samples and
error bars represent standard deviation.
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We use the heat of fusion as measured by DSC to monitor the relative change in the
amount of crystalline material in each sample. The heats of fusion for each sample were
calculated by integrating the area enclosed by the melting endotherm and a suitable baseline.
Figure 3-4 shows the heat of fusion for (a) PEEK, (b) PEKK(75/25), (c) bPEKK(88/12) and (d)
XL-PEKK(75/25) as a function of time exposed to steam at 288°C. The heats of fusion increase
appreciably for PEEK, PEKK(75/25) and bPEKK(88/12), suggesting the crystalline phase
fraction grows by as much as 30%, 46% and 36%, respectively, upon 72 hours of steam exposure
after which the increase begins to plateau. Additionally, the change in heat of fusion and therefore
degree of crystallinity is significant; the heat of fusion for 100% crystalline PEEK is 130 J/g,*
which we speculate is a similar order of magnitude for the other PAEKS in this study. An increase
in heat of fusion was not observed when the same materials were annealed at 288°C in only air,
indicating that steam plays an essential role in the solvent-assisted crystallization of these PAEK
materials. In contrast, the heat of fusion of XL-PEKK(75/25) does not change appreciably after
steam exposure for up to 72 hours. This crosslinking chemistry appears to be stable in high
temperature steam and achieves the anticipated effect of preventing additional crystallization. The
change in the position and shape of the melting endotherms in Figure 3-3(d) however, suggests

the crystallites are generally larger after steam exposure.

3.3.2 Wide-Angle X-ray Diffraction (WAXD)

WAXD was used to observe changes in the crystal structure and to determine degree of
crystallinity. Figure 3-5 shows one-dimensional WAXD data for (a) PEEK, (b) PEKK(75/25), (c)
bPEKK(88/12) and (d) XL-PEKK(75/25) after various durations of exposure to steam at 288°C.
The WAXD data obtained for unexposed PEEK and PEKK(75/25) is comparable to reported
literature, which cites an orthorhombic crystal lattice.” PEEK shows improved resolution of all

diffraction peaks and a reduction in the broad amorphous scattering peak from q = 1.0 to 1.3 A*
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with increasing steam exposure. This is consistent with growth of the crystalline phase supported
by DSC experiments and the increase in crystallinity determined from WAXD data demonstrated
in Figure 3-6. PEKK(75/25) and bPEKK(88/12) show similar behavior to PEEK and are
consistent with increases in crystallinity observed by DSC and WAXD.

bPEKK(88/12) exhibits diffraction peaks characteristic of both accepted polymorphs of
PEKK referred to in the literature as form | and form Il. Form | is the more stable structure and
has a two-chain orthorhombic unit cell with chains located at the corners and center of the unit

cell. Form Il is characterized by a one-chain orthorhombic unit cell with chains at the corners of
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Figure 3-5: WAXD data for (a) PEEK, (b) PEKK(75/25), (c) bPEKK(88/12) and (d) XL-
PEKK(75/25) after exposure to 288°C steam for 0, 24, 48 and 72 hrs.
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the unit cell.®®

The form |l structure is favored under diffusion-limited conditions, such as
crystallization from the melt at high supercoolings,* and during thermal and solvent-induced
crystallization from the amorphous state.* bPEKK(88/12) has a diffraction peak at q = 1.1 A™,
which is assigned to the (020) plane of the less thermodynamically stable form 1l structure. The
ability to crystallize in the form Il structure has been observed to increase with increasing chain
stiffness and decreasing chain mobility, which is achieved through a higher T/I ratio.* Form I
likely formed in bPEKK(88/12) because the initial crystalline structure consists mainly of the
high T/l PEKK component. Increased exposure to high temperature steam reduces the intensity of
this characteristic diffraction peak because the steam assists growth and reorganization to the
thermodynamically favored form I polymorph.

The WAXD data for XL-PEKK(75/25) indicates it is comprised at least partially of form
Il even though PEKK(75/25) is exclusively form I. This is probably due to the formation of a
small number of crosslinks during melt processing, which reduces chain mobility during
crystallization. Figure 3-6 shows the crystallinity of XL-PEKK(75/25) determined from WAXD
data does not increase significantly with increasing steam exposure and is consistent with the

minimal change in heat of fusion observed by DSC. This finding supports our hypothesis that

crosslinking of the amorphous region can inhibit additional crystal growth.
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3.3.3 Flexural Properties

Flexural properties were measured to probe the effect of crystalline microstructural
changes after steam exposure. Figure 3-7 contains the flexural stress-strain curves for (a) PEEK,
(b) PEKK(75/25), (c) bPEKK(88/12) and (d) XL-PEKK(75/25) after various durations of
exposure to steam at 288°C. PEEK is generally more ductile compared to semi-crystalline
PEKK(T/I). The slope of the stress-strain curve (flexural modulus) and yield strength increase

with increasing exposure to steam, which is owed to the significant growth of the crystalline
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XL-PEKK(75/25) after exposure to 288°C saturated steam for various times. All tests were
stopped at a maximum flexural strain of 0.07.
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phase observed in DSC and WAXD experiments. The crystal growth does not have an effect on
the ductility of PEEK probably due to the superior chain flexibility of additional ether bonds
compared to PEKK(T/I). Semi-crystalline PEKK(75/25) and bPEKK(88/12) are both less ductile
than PEEK and suffer from embrittlement with increasing exposure to steam as shown in Figure
3-7(b). We attribute the reduction in mechanical properties to crystalline microstructural changes
rather than chemical degradation. Figure 3-8 compares the surface FTIR spectra of (a) PEEK, (b)
PEKK(75/25), (c) bPEKK(88/12) and (d) XL-PEKK(75/25) for unexposed samples and samples

exposed to steam for 72 hours at 288°C. Despite differences in absorption intensities due to
variable specimen contact with the ATR crystal, there is no evidence of significant chemical

degradation in any of the materials.
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Figure 3-8: FTIR spectra of (a) PEEK, (b) PEKK(75/25), (c) bPEKK(88/12) and (d) XL-
PEKK(75/25) before (control) and after exposure to 288°C steam for 72 hours.
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The flexural modulus and strength of XL-PEKK(75/25) initially increase after 24 hours

of exposure to steam similar to PEEK. Although embrittlement is still observed, the retention of
strength is improved compared to PEKK(75/25) and bPEKK(88/12). Figure 3-9 compares the
yield strength of all the materials as a function of time exposed to steam at 288°C. PEEK clearly
has the best retention of flexural strength, while PEKK(75/25) and bPEKK(88/12) rapidly lose
strength due to embrittlement after 24 hours. In contrast, the data from XL-PEKK(75/25)
exemplify a significant improvement until 48 hours after which the decrease in flexural strength

occurs at a rate comparable to PEKK(75/25) and bPEKK(88/12).
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Figure 3-9: Flexural strength (from Figure 3-7) of PEEK, PEKK(75/25), bPEKK(88/12) and XL-
PEKK(75/25) as a function of time exposed to 288°C steam.

Because the degree of crystallinity for XL-PEKK(75/25) does not change over the entire
exposure time range, the observed embrittlement may be caused by reorganization of smaller
crystals into larger ones as suggested by narrowing of the melting endotherm in Figure 3-3. We
speculate that PAEKSs and other semicrystalline rigid polymers with larger crystallites formed at
low supercoolings (nucleation-limited) exhibit higher strength and lower ductility compared to

specimens with smaller crystallites formed at high supercoolings (diffusion-limited).*" *
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(b) XL-PEKK(75/25)

(a) PEEK

Figure 3-10: DMA specimens of (a) PEEK and (b) XL-PEKK(75/25) after temperature ramp to
400°C.

A semicrystalline morphology with smaller crystals formed under diffusion-limited conditions
could lead to less brittle materials due to greater tie chain densities.*

Although PEEK retains a higher strength after 72 hrs of steam exposure, the material
becomes soft at elevated temperatures. Figure 3-10 shows that PEEK deforms significantly at
350°C, while XL-PEKK(75/25) does not. This highlights the advantage of dimensional stability
at high temperatures, even after steam exposure, of XL-PEKK(75/25). We further explore the

mechanical properties of PAEKS using dynamic mechanical analysis, as discussed below.

3.3.4 Dynamic Mechanical Analysis (DMA)

DMA in three-point bending mode was used to probe the high temperature properties of
specimens before and after exposure to high temperature steam. Figure 3-11 shows the storage
modulus curves obtained during a temperature sweep of (a) PEEK, (b) PEKK(75/25), (c)
bPEKK(88/12) and (d) XL-PEKK(75/25) after various durations of exposure to steam at 288°C.
The rubbery plateau storage modulus for PEEK, PEKK(75/25) and bPEKK(88/12) increase with
increasing steam exposure, which is due to the observed increase in degree of crystallinity. A
clear transition to viscous behavior and loss of dimensional stability occurs for all of these
materials near their melting temperature as measured by DSC. XL-PEKK(75/25) exhibits a

similar transition near its melting point, but retains some elastic character and dimensional
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stability up to 400°C even after steam exposure as evident from the finite storage modulus plateau

above ~375°C. This is further evidence that the crosslinked structure is stable in a high

temperature steam environment.
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Figure 3-11: DMA curves for (a) PEEK, (b) PEKK(75/25), (c) bPEKK(88/12) and (d) XL-
PEKK(75/25) aged in 288°C saturated steam for various times. XL-PEKK(75/25) retains a finite
modulus at high temperatures.

3.4 Conclusions

PAEKSs are potentially well-suited for handling and containing high pressure, high

temperature steam used in steam-assisted oil recovery technologies due to their thermal and

hydrolytic stability. Current PAEK materials typically suffer from embrittlement due to steam-
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assisted crystallization at temperatures greater than the glass transition, which reduces the lifetime
of fabricated seals and back-up rings. We demonstrated high temperature steam (288°C) has an
annealing effect on currently available PEEK and PEKK(T/I), and results in further
crystallization and rearrangement of existing phases into thermodynamically favorable crystalline
phases in the case of polymorphic PEKK(T/I). Crystal growth is detrimental to the performance
of manufactured parts because it causes embrittlement and dimensional changes that contribute to
short lifetime and reduced seal performance.

We used xanthydrol-based crosslinking chemistry to stabilize the PEKK crystal structure
in order to reduce steam-assisted crystallization. Xanthydrol crosslinks are significantly more
stable in high temperature steam compared to legacy ketimine crosslinking chemistry and they
effectively limit steam-assisted crystallization. Crosslinked PEKK maintains its degree of
crystallinity and exhibits better retention of mechanical properties after steam exposure compared
to neat PEKK(75/25). Additionally, xanthydrol-crosslinked PEKK can be prepared as a semi-
crystalline material, which improves high temperature creep resistance for sealing applications.
Future advances in steam resistant PAEKSs include crosslinking strategies that can further stabilize

the PEKK crystal structure in order to prevent crystallite growth due to steam-assisted annealing.
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Chapter 4
Summary and Recommendations for Future Work

4.1 Summary

The excellent mechanical properties and chemical resistance of PAEKs make them good
candidates for oil and gas sealing and compressor applications where high temperatures and
pressures and corrosive fluids are frequently encountered. For example, steam assisted gravity
drainage and cyclic steam injection utilize high temperature steam (up to 340°C) to heat and
extract heavy crude oil from oil sands formations. Steam resistance is particularly challenging for
PAEKSs, however, due to the steam-assisted crystallization that occurs. In situ crystallization
causes dimensional changes and embrittlement, which shorten service lifetime and increase the
risk of pipeline leakage or machinery failure.

The original research presented in this thesis evaluates the effect of high temperature
steam on various neat and modified PAEKs. As expected, the neat PAEKSs in this study
experienced steam-assisted crystallization in the presence of high temperature steam above the
T, PEEK, PEKK copolymers and PEKK melt blends experience an increase in degree of
crystallinity much greater than that obtained by quiescent crystallization from the molten state.
DSC results suggest the smaller crystallites grow larger and the crystallite size distribution
becomes narrower overall. The increase in crystallinity was typically accompanied by
embrittlement and reduced strength. Additionally, the initial T, of the melt blended PEKK is
quite high as expected due to the average high T/l ratio. The T, of the melt blended PEKK
apparently decreases upon steam exposure because the low T/I ratio amorphous region forms a
lower T,, crystalline phase. This suggests that crystalline microstructures of neat PEKK melt
blends are not thermodynamically stable and precautions should be taken if the material is to be

used in environments where in situ annealing or crystallization might occur.
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Crosslinking of the amorphous region is proposed to prevent steam-assisted
crystallization by effectively stabilizing the semicrystalline microstructure. Crosslinks are thought
to restrict the mobility of polymer chains in the amorphous phase thereby preventing them from
crystallizing even in the presence of steam. Ketimine crosslinks (C=N-C bond) at the ketone
positions did not prevent further crystallization and were likely completely hydrolyzed upon
exposure to steam. In contrast, xanthydrol-based crosslinks (C-C bond) prevented an increase in
the degree of crystallinity and improved the strength retention compared to neat PAEK.
Additionally, the crosslinked PEKK developed as part of this work exhibits good dimensional
stability and retains elastic behavior above the T, which is a significant improvement over
existing conventional PAEKS.

4.2 Recommendations for Future Work

Further improvements to the steam resistance of PAEKS are still necessary in order to
increase their service life and reduce the risk of machinery failure. While the xanthydrol crosslink
chemistry proves to be stable in high temperature steam and effectively inhibits formation of
additional crystallites, the existing small crystallites apparently experience some degree of growth
or reorganization into larger crystallites. As discussed in chapter 3, existence of larger crystallites
may contribute to embrittlement due to the lower number of tie chains between them.
Furthermore, tie chain density may be preserved through stabilization of the existing crystalline
phase, especially smaller crystallites. Greater crosslink densities or shorter crosslinks may
achieve this by restricting chain motion to a greater extent at the crystalline-amorphous interface
where growth is expected to occur. Future work should focus on the design and synthesis of short
chain xanthydrol-based crosslink precursors and PAEK materials that incorporate them at various
concentrations. Subsequently, the resultant crosslinked PAEKSs should be evaluated for their

resistance to all steam-assisted crystallization.



