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Abstract

Reducing greenhouse gas emissions in the transportation sector is crucial to slowing the
progress of global climate change. This may be accomplished in part by improving the energy
efficiency of the vehicle through weight reduction. Polymer-matrix composite materials reinforced
with high-performance fibers, such as carbon fibers and ultra-high molecular weight polyethylene
(UHMWPE) fibers, or nanoparticles, such as graphene, can be used to replace dense metals thereby
reducing mass. However, producing them is costly and environmentally damaging due to extensive
use of non-renewable petrochemical solvents, and much remains to be learned about the effects of
using more sustainable materials and methods to make these fibers and composites.

The aim of this dissertation is to advance our understanding of the relationship between the
processing and resultant microstructure and properties of these materials. UHMWPE fibers were
selected as the material of interest because its extremely long molecular chains present significant
opportunities and challenges. It has been shown that these fibers can be converted into carbon
fibers, and it is hypothesized that the long-range order in these fibers may make an ideal framework
for highly graphitic carbon fiber production. However, the effect of tension applied during the
stabilization of these fibers in preparation for carbonization is heretofore unexplored. Probing this
processing parameter revealed the microstructural evolution of UHMWPE during conversion to
carbon fibers and offered key insights for optimizing the conversion of all PE-grades.

UHMWPE fibers possess remarkable properties thanks to their long molecular chains, but the
deep entanglement of these chains inhibits the use of low-cost melt processing methods. Instead,
non-renewable petrochemical solvents are used at high concentration (as much as 98% by weight)
to disentangle these chains through dissolution thereby enabling extrusion into fibers. A bio-

derived solvent called orange terpenes has been previously demonstrated as a renewable



replacement for solution spinning of UHMWPE fibers, but scant information on the microstructure
and properties of these fibers makes it difficult to assess its potential. Single-filament tensile testing
coupled with thermal and X-ray microstructural characterizations revealed that these fibers
develop the fundamental crystalline structures and mechanical properties indicative of high-
performance potential given parametric optimization of processing conditions. This result inspired
the search for a solvent suitable for dissolving UHMWPE and stably dispersing graphene
nanoparticles simultaneously to form high-performance polymer nanocomposite fibers. Another
terpene, 1,4-cineole, was selected and shown to be capable of highly stable graphene suspensions.
UHMWRPE-graphene fibers were produced and characterized to understand the effect of the
nanoparticles on the microstructure and properties of the fibers. It was revealed that the
nanoparticles were well-dispersed but suffer poor interfacial adhesion in the polymer matrix. At
high concentration, they impede the formation and orientation of the load-bearing crystalline
microstructure of the fibers, but a percolation threshold was found whereby the particles reinforce
the matrix.

The findings presented in this dissertation expand the current understanding of the process-
structure-property relationships underlying the production of UHMWPE fibers, polymer
nanocomposites, and polyethylene-derived carbon fibers. These represent new steppingstones
towards more environmentally friendly production of materials that are needed to improve the
sustainability of human mobility. Recommendations for future work are included in the final

chapter of this dissertation.



Acknowledgements

This work would not have been possible without the tireless love and devotion of my wife, the
mother of our children, Laura Falconi. | would have never pursued this degree without her
inspiration, and | could never have achieved it without her support. Laura, this dissertation is
dedicated to you for all that you have given me in life. | am forever grateful to be at your side.
Thank you for being there for me through the rollercoaster of emotion that this journey has been,
for always listening to my ideas and presentations as well as my anxieties and fears, and for always
being my steady foundation.

My extended family, on both sides, also supported me through their love and listening ears.
Thank you to my parents, brother, grandmother, and all my in-laws for always being there for me.
| want to specially acknowledge my late grandmother-in-law, Dottie, who was unquestionably the
best person | have ever met and always cheering for me. | miss her very much.

Thank you to my advisor, Professor Xiaodong “Chris” Li, for encouraging me to pursue a PhD
over a master’s degree, then mentoring me through this process for the past five and a half years.
He recognized the potential in me before I ever could and has been deeply dedicated to my mission
to become a professor myself. I have grown so much through this process thanks to him carefully
pushing me out of my comfort zone and encouraging me to aim higher than I thought possible. 1
would also like to thank my committee members, Prof. Baoxing Xu, Prof. David Green, Prof. Tao
Sun, and Prof. Liheng Cai for supporting my journey with their time and expertise.

As singular as this academic pursuit can feel at times, it is truly a team effort to conduct good
research and | was never alone in that regard. | am grateful to all my peers, past and present, for
their willingness to assist me with their skills and knowledge. 1 would like to personally

acknowledge Dr. Clifton Bumgardner, Cole Love-Baker, Prof. Timothy Harrell, Andriy



Sushchenko, ZhiJing Xue, Ryan Cordier, Alexander Scherschel, Dr. Zan Gao, and Luke
Skrzypczak. Each of them offered their support unconditionally and have made an immeasurable
impact on my graduate education and experience.

Finally, this work was funded by the U.S. Department of Energy Vehicle Technologies Office
(DE-EE0008195) and Hydrogen and Fuel Cell Technologies Office (DE-EE0009239) and
supported by various collaborators and research staff at the University of Virginia and beyond.
The University of Virginia Nanoscale Materials Characterization Facility was instrumental to
completing this research, and | greatly appreciate the help of staff members Richard White, Dr.
Joseph Thompson, and Dr. Cathy Dukes for their patient training sessions and careful equipment
maintenance. Dr. Diane Dickie assisted with wide-angle X-ray characterizations at UVA, which
was conducted using single-crystal WAXS machines funded by the NSF-MRI program, grant
award CHE-2018870. Erin Crater conducted small-angle X-ray scattering supervised by Prof.
Robert Moore and furnished by Virginia Tech’s Materials Technology Characterization Facility,
which is supported by the Institute for Critical Technology and Applied Science, the
Macromolecules Innovation Institute, and the Office of the Vice President for Research and
Innovation at Virginia Tech. Prof. Elizabeth J. Opila graciously allowed me to extensively use her
lab’s simultaneous thermal analyzer and analytical balances, and her graduate students, Dr.
Coleman Tolliver and Clark Luckhardt, offered their help whenever | asked. Last, but not least,
thank you to Prof. Donald Griffin for access to his lab’s viscometer and Jules Bates for her

assistance using it.



Table of Contents

N o1 L = Tod TSR RTSPURPRRR I
ACKNOWIBAGEIMENTS ...t bbbttt bbbt et neene e e ii
-1 0] (o) O] 01 1=] ]ORN %
LISE OF FIQUIES ...ttt bbb bbbt bbb e e b et bbbt et e e st eneeneas Vi
LIS OF TADIES ...t e ettt et e et ne e sreebeareesreenee s X
Common Abbreviations and ACIONYIMS. .......ccueieiiriienieieie ettt seeee e Xi
Chapter 1: INTFOQUCTION ...t b e 1
1. Lightweight, High-Performance Materials Crucial for Sustainability...............cccccceennnne. 1
2. High-Performance Fibers for Fiber-Reinforced COmMpPOSItes..........c.covevvviviereiiineiennne 3
3. Nanoparticle-Reinforced COMPOSIES........ccveiieiieiieiieie e 8
4. Reducing Environmental Impact and Cost in High-Performance Fiber and Nanocomposite
e 0o (U011 o] USRS PR PRPRPRTROS 11
5. Summary and Primary Research QUESTIONS. ..........cueiiieriiieniiisiriee e 25
Chapter 2. Effect of Tension Applied During Sulfonation Stabilization for UHMWPE-derived
(08 T4 oo o N | o] £ OSSR 28
I 1] oo [F[ox { To] o USRS PRPRPRPROS 28
2. Experimental MEthOUS ..........coiiiiiiie s 29
3. RESUILS @NA DISCUSSION .....veviiiiiieiieieie sttt sttt sa et sbenbesneeneas 37
N ©70 o] 131 [ o ST 51
Chapter 3. UHMWPE Micro-Ribbon Fibers Gel Spun Using Orange Terpenes...........ccccueeveene.. 54
ISR 101 oo 0 Tox 1 o o PSSR 54
2. Experimental MethOUS..........couiiiiiiee e 54
3. RESUILS @Nd DISCUSSION .....cvreriiiiieiieeiesiie st eiesteesieeie e steeseesree e esteaneesseesseeseesseenseenenssennes 59
N O3 Tod 111 (o] o RSP PRRR 72
Chapter 4. 1,4-Cineole: A Bio-Derived Solvent for Highly Stable Graphene Suspensions and Well-
Dispersed UHMWPE/Graphene Nanocomposite FIDErS.........cccocvieiieiciieceee e 74
ISR 101 oo 0 Tox 1 o o RSSO 74
2. Experimental MethOUS..........couiiiiiiee e 74
3. RESUILS @Nd DISCUSSION .....ccureeeeiiieieeiesieesieeiestee e ete e steesee e teeteaneesreesteeseesseenseeneesnennes 82
O O] 3 ol 111 [ o SRR PURTRORPRN 106
Chapter 5. Concluding Remarks and Recommendations ............cccovvererienieeresieesnese e e 108
IO TV 1 011 (T YT RPR 108
2. Key Contributions and Broader IMPACES..........ccccuuiriiiiieieninesesesee e 109
3. Recommendations for FULUIe WOTK...........coooiiiiieiee e 113
BIDHOGIAPNY ...t bbb 117



List of Figures

Figure 1. Schematic representation of polymer chain crosslinking in a) LDPE, b) LLDPE, c)
HDPE, and d) UHMWRPE [10]. Each is a simplistic representation highlighting key features, such
as the long branching of LDPE and short branching of LLDPE, the relatively linear structure of
HDPE, and long folded chains characteristic of UHMWRPE. In all cases, these structures vary
throughoUt the POIYMEN ... ..ottt reeste et 3

Figure 2. Abbreviated schematic of a wet spinning line composed of 1) polymer solution reservoir,
2) metering pump, 3) spinneret, 4) coagulation bath, 5) washing bath, 6) drawing bath, 7)
secondary washing bath, 8) drying godet, and 9) dry-heated stretching and takeup [44]. Wet
spinning lines can feature several washing baths in series to achieve proper solvent exchange [46]

......................................................................................................................................................... 7
Figure 3. Schematic of a typical dry-spinning system for acrylic fibers [49]........ccccccivinininnns 8
Figure 4. Schematic of the transformation of PE into carbon [115]......c.ccccevveviiiiiieiciicceens 17

Figure 5. Compliance (1/E) vs. orientation parameter for PE- (green squares), PAN- (red circles),
and pitch- (blue triangles) derived carbon fiber. Shear moduli calculated from the data for each
type are included. Note that the tensile moduli for the PE-derived carbon fiber are corrected for
porosity, and the error bars were estimated from replicated measurements of the same fiber [116]
....................................................................................................................................................... 19

Figure 6. Example of a continuous fiber sulfonation reactor system for sulfonating tows of
polyethylene fibers for carbon fiber production [122].........ccccooeiiiiiiniiinieece e 21

Figure 7. Proposed mechanism for the conversion of PE into carbon fibers via bromination [125]
....................................................................................................................................................... 22

Figure 8. a) HRTEM image of an ammoxidation-stabilized carbon fiber exhibiting graphitic
regions including extended stacking of lattice fringes in the encircled region, and b) SEM image
of the cross section of fused, carbonized PE fibers [126].........ccccooveiiiiiiiiiie e 23

Figure 9. SEM images of carbon fibers derived from sulfurized HDPE (left column) and sulfurized
LDPE (right column) showing the resultant morphology including smooth exterior surfaces and
MINOr VOIds and INCIUSIONS [L27].....cueiiiieieieieie e 24

Figure 10. Computer-aided design rendering and cutaway schematic of custom sulfonation tension
application apparatus used to apply constant tension to UHMWPE tows during sulfonation
e o] | 1421 (o]0 TSP 32

Figure 11. a) Thermogravimetric analysis plot showing the mass reduction of the sample fibers
during heating up to carbonization temperatures, and b) DSC heat flow plot showing the reduction
in melting peak with increasing sSUlfONAtioN tIME ..o 32

Figure 12. a) SEM image of hollow carbon fibers resulting from insufficient sulfonation, and b)
solid-cored carbon fibers indicating successful carbonization ............c.cccocevviieniencn s, 33

Vi



Figure. 13 a) Equatorial 2D data frame, and b) meridional 2D data frame, with integration regions
overlayed, for a carbon fiber derived from UHMWPE sulfonation stabilized under a tensile stress
of 10 MPa. The fiber texture is evident through the varying intensity along the azimuthal direction
....................................................................................................................................................... 36

Figure. 14 a) DSC curves for the UHMWPE precursor fibers and fibers sulfonation stabilized with
various amounts of applied tensile stress, and b) TGA curves showing the char yield of the same
sulfonation stabilized fibers compared to the UHMWRPE Precursor ...........cccovevveveiiieseesieennenn 37

Figure 15. a) UHMWPE precursor fiber shrinkage during sulfonation stabilization as a function
of tensile stress applied during the stabilization process, and b) rate of shrinkage of the tow during
the StaDTHZATION PrOCESS .......eiiieieeee bbb 38

Figure 16. a) SEM images of the UHMWPE precursor, SEM of stabilized fibers sulfonated with
b) 0.1 MPa, d) 1 MPa, and f) 10 MPa tensile stress, and SEM of the carbonized fibers that had
been sulfonated with (c) 0.1 MPa, (e) 1.0 MPa, and (g) 10 MPa tensile stress. The scalebar shown
APPIIES 10 SUDTIGUIES. ..ottt et sseeste et esneenteeneeeneenns 40

Figure 17. Raman spectra of a) sulfonated fibers at each applied tension level, and b) carbon fibers
made from sulfonated fibers at each applied tension level. Peak deconvolution was used to identify
the relevant microstructural features of a representative ¢) Raman spectra of a sulfonated fiber with
10 MPa applied tension and d) carbon fiber derived from a fiber sulfonated with 10 MPa applied
LT (o] RS RSS PP PR 42

Figure 18. a) Schematic of a carbon fiber featuring the coordinate system used to describe the X-
ray diffraction directions and planar stacks exemplifying the diversity of crystallite dimensions
and orientations that may be present in the fiber. b) A schematic definition of the crystallite
dimensions measured via XRD in this work. ¢) XRD line integration in the fiber equatorial
direction of carbon fibers derived from UHMWPE sulfonation-stabilized under 10 MPa tensile
] (=T TSRO TR PP PRPPRTO 43

Figure 19. XRD line integrations relative to the fiber equatorial direction for a) precursor,
sulfonated, and carbon fibers, b) XRD line integrations relative to the fiber equatorial direction
and normalized to the (002) peak for carbon fibers derived from UHMWPE sulfonated under 0.1
MPa, 1.0 MPa, and 10 MPa, c) 2D XRD scan of carbon fiber derived from UHMWPE sulfonation
stabilized under 10 MPa tensile stress showing the azimuthal intensity distribution scan centerline
in red and position of 0° ¢. d) XRD line integrations relative to the fiber meridional direction and
normalized to the (10) peak for carbon fibers derived from UHMWPE sulfonated under 0.1 MPa,
1.0 MP@, ANG 10 IMPA......eiiiiiiiiie ettt st be et e e be st sbeebeeneesbeeae s 44

Figure 20. Comparison of crystallite dimensions, &) dooz, C) Lc, and €) La||, and orientation relative
to the fiber axis as represented by b) Zooz, d) <cos?(p)>, and f) Herman’s orientation factor, oo
....................................................................................................................................................... 46

Figure 21. SEM images of tensile fracture surfaces from carbon fibers derived from UHMWPE

sulfonated under 10 MPa tensile stress exemplifying the variety of cross-sectional shapes and sizes
present in the sample. Scale bar applies to all images in this figure...........cccccoevviiiieiie e, 47

vii



Figure 22. SEM image of carbon fiber tensile fracture surface (10 MPa sulfonated) with an a) 641
nm critical flaw and featuring brittle fracture features highlighted by their respective fronts: b)
mirror region, ¢) mist region, and d) hackle region .............cccooeiiic i 49

Figure 23. a) SEM of a carbon fiber derived from UHMWPE sulfonation-stabilized under 10 MPa
tensile stress with magnified view of large fiber defect, b) predicted fiber tensile strength relative
to critical flaw size per Griffith-Irwin relation, c) normalized stress across fiber diameter
approaching conical flaw as determined via finite element analysis and with CAD geometry
underlaid for reference, d) schematic of tensile finite element analysis setup of fiber with conical
LTRSS TP PP 51

Figure 24. CAD rendering of the custom gel spinning line including a) syringe pump on vertical
sled for height adjustment, b) stainless steel syringe, ¢) band heater controlled by d) a Tempco
temperature controller, e) positionable guide rollers for fiber transfer through the coagulation bath,
f) a stainless steel tank for the coagulation bath, g) Arduino-controlled, stepper motor-driven
takeup winder mounted on a lab jack for 4-degrees of positional freedom, and h) a custom stainless
steel nozzle turned from an o-ring boss plug. The nozzle features a 250 pm diameter orifice and
500 pm channel IeNGth.........cooviiiiiii e 55

Figure 25. Optical microscope cross-sectional image of a) as-spun and b) drawn UHMWPE fibers
surrounded by round cross-section polyamide 6 (PAG6) fibers with an average diameter 24 um that
were used as a mounting filler, and SEM images of twisted c¢) as-spun fiber and d) drawn fiber
further demonstrating the flat shape of the fibers, and SEM side view of e) as-spun fiber and f)
drawn fiber showing significant reduction in Width .............cccccoviiii i, 60

Figure 26. DSC plots of a) as-spun and b) drawn UHMWPE fibers spun using orange terpenes
with arrow indicating the melting endotherm deviation indicative of secondary melting peak
related to solid-state phase transition of orthorhombic crystals to pseudo-hexagonal ................. 64

Figure 27. a) 1D WAXS pattern for as-spun and drawn fibers showing the positions of the
orthorhombic peak, (110) and (200), and 2D WAXS plots for the b) as-spun and c) drawn fibers
....................................................................................................................................................... 68

Figure 28. Comparison of tenacity and strain-at-failure of fibers produced in this study with
commercially produced Dyneema SK60 fibers and selected results published in literature......... 70

Figure 29. HSP space showing the relationship between the solutes of interest, UHMWPE (blue
sphere) and graphene (red sphere), commercially prominent UHMWPE fiber spin solvents,
paraffin oil (PO, pink square) and decalin (yellow triangle), and the bio-derived alternative
candidate, 1,4-CiNE0IE (QreEN SLAI) .......ciivieiieiie et e e et eene e 83

Figure 30. Timelapse photos of graphene dispersions in various solvents with concentration of 1
mg/mL.: 1) paraffin oil, 2) 1,4-cineole, 3) decalin, and 4) orange terpenes............ccccevvvvevvverunenne. 84

Figure 31. a) Dynamic viscosity measured via parallel plate viscometry across a shear rates
ranging from 100-1000 1/s, and b) droplet image of 1,4-cineole for pendant drop tensiometry.. 85

viii



Figure 32. a) TEM image of a GnP deposited after the two-stage dispersion/exfoliation featuring
wrinkled and folded graphene sheets, b) HRTEM image of a region of a GnP showing a single
layer region with an inset of the fast Fourier transform of the region encircled in red showing the
hexagonal diffraction pattern characteristic of graphene, ¢) a histogram of the maximum dimension
measured of 100 randomly selected particles viewed with TEM, and d) Raman spectra of the GnPs
as delivered and after dispersion with relevant peaks labeled for reference..........cccccocevviininnns 87

Figure 33. Scanning electron micrographs of a) a cryo-fractured cross-section of UHMWPE/GnP
nanocomposite fiber as-spun, b) multiple UHMWPE/GnP fibers (1 wt% GnP) after 5:1 drawing
highlighting their flat/oblong shape, and profile views of drawn UHMWPE fibers with GnP
concentrations of ¢) 0 wt%, d) 0.01 wt%, e) 0.1 wt%, and f) 1 Wt%.........cccceecerrvrveninnenrree, 88

Figure 34. AFM tapping amplitude error images of a) the cross section of a drawn UHMWPE / 1
wt% GnP nanocomposite fiber outlined in red with exposed nanoparticles highlighted in green,
and b) an individual GnP showing stacked graphene layers............cccooevviveiievi v 91

Figure 35. Log-log plot comparing initial modulus and strain to failure across several fibers
produced commercially or experimentally ..o 92

Figure 36. First cycle melting onset (To), first cycle melting peak (Tp1), and second cycle melting
peak (Tp2) temperatures for pure and nanocomposite UHMWPE fibers spun using 1,4-cineole. 93

Figure 37. DSC-measured crystallinity of UHMWRPE fibers spun with 1,4-cineole................... 95

Figure 38. a) DSC thermograms of the melting endotherm for as-spun and drawn neat UHMWPE
fibers, which shows the increased melting onset and peak temperatures as well as the larger area
of the endotherm indicating greater crystallinity. b) 1D WAXS scattering of a drawn UHMWPE
FIDEr WIth SIX PEAK TIT ..ot 96

Figure 39. Total phase composition of the neat and nanocomposite UHMWPE fibers............... 98

Figure 40. 2D SAXS patterns for the UHMWPE fibers with a) 0 wt%, b) 0.01 wt%, c) 0.1 wt%,
and d) 1 wt% GnP concentration. All scattering patterns are rotated to align the fiber axis
(equatorial direction) vertically as indicated by the yellow arrow in () ........ccccceeevereiciennnnne 99

Figure 41. Periodicity of the lamellar crystalline structure in the fibers showing the center-to-
center spacing of the lamellae (bar total) and lamellae thickness as measured via SAXS......... 100

Figure 42. Sketched representations of the hypothesized UHMWPE/GnP microstructure
developed a) below the reinforcing percolation threshold and b) above. Black strokes indicate
amorphous UHMWPE chains, blue strokes indicate crystalline UHMWPE featuring folded- and
extended-chain lamellae, and orange strokes indicate GNPS ............ccocviiiniiiiiene e 102

Figure 43. Micromechanical modeling predictions of tensile modulus for UHMWPE/GnP fibers
spun using 1,4-cineole compared to experimental data. Two models were employed: the rule of
mixtures (RoM) and a modified Halpin-Tsai model...........c.cccooeiiiiiiiiii e, 105



List of Tables

Table 1. Experimental spin finish removal procedures and their results ...........c.ccoccvvveiierennnnne 31

Table 2. Mechanical properties and their respective coefficient of variance (COV) of carbon fibers
derived from UHMWRPE fibers sulfonated under different amounts of tensile stress. The carbon
fibers from UHMWRPE sulfonated under 0.1 MPa tensile stress could not be tested ................... 47

Table 3. Melting onset temperature (Tmo), melting peak temperature (Tm1), recrystallization
temperature (Tc), and remelting peak temperature (Tmz) of the as-spun and drawn UHMWPE fibers
spun using orange terpenes with commercially-produced Dyneema SK60 fibers included for
(010 01 0T L4 1T PSSR 62

Table 4. Comparison of the melting enthalpy and calculated crystallinity of the sample fibers and
Dyneema SK60 reference fibers after the first and second melting cycles ...........cccocoevviieinennens 63

Table 5. Crystallite sizes (Lnki), d-spacing (dnki), and Herman’s orientation factor (HOF) for as-
spun and drawn fibers produced in this study as well as commercially-produced Dyneema SK60
L0 L= ST (o] 0] 01 (=)« OSSR 67

Table 6. Summary of mean mechanical properties + standard error with corresponding COV of
the as-spun and drawn samples from a minimum of fifteen valid single-filament tensile tests... 69

Table 7. HSPs of the materials investigated in this study including the target solutes (*). The
commercially prominent solvents for UHMWPE gel spinning are included for reference (1) and
the remainder are the candidate bio-derived alternatives. RED values indicating good solubility
with the corresponding solute (RED < 1) are shown bolded in green, and RED values indicating
poor solubility (RED > 1) are shown in red. All terms other than RED have units of MPa'?..... 76

Table 8. Measurements of pendant drop tensiometry images of 1,4-cineole droplet. ................. 85

Table 9. Comparison of 1,4-cineole to target properties for three key characteristics that indicate
a solvents suitability for dispersing and exfoliating graphene. ... 86

Table 10. Linear density of the sample fibers as measured via ASTM D1577 and the residual mass
measured via TGA following a ramp of 10°C/min to 200°C and 30 min isotherm at that
temperature. Samples are listed by their GnP concentration in Wt%...........cccccoevveieiievecieenean, 90

Table 11. Tensile properties and corresponding coefficient of variation (COV) of UHMWPE and
UHMWPE/GnP fibers at varying GnP concentrations. Average tensile properties are shown +
1t LT Lo =T 0 (] SRR 93

Table 12. Composition of the fibers’ crystallinity by phase as measured via WAXS. ................ 97

Table 13. Coherence lengths for the main crystallographic planes of the UHMWRPE fibers of this
study and orientation of the crystallites via Herman’s Orientation Factor (HOF) ..................... 101



AFM
CAD
cov
Dl

DSC
FWHM
GnP
HDPE
HOF
HRTEM
HSP
HWHM
LDPE
LLDPE
NMR
PAN
PE
RED
SAXS
SEM
TEM
TGA
UHMWPE
UTM
WAXS
XRD

Common Abbreviations and Acronyms

atomic force microscopy
computer aided design
coefficient of variance

deionized

differential scanning calorimetry
full width at half maximum
graphene nanoplatelet

high density polyethylene

Herman's orientation factor

high resolution transmission electron microscopy

Hansen solubility parameters

half width at half maximum

low density polyethylene

linear low-density polyethylene

nuclear magnetic resonance spectroscopy
polyacrylonitrile

polyethylene

relative energy difference

small-angle X-ray scattering

scanning electron microcopy
transmission electron microscopy
thermogravimetric analysis

ultra-high molecular weight polyethylene
universal testing machine

wide-angle X-ray scattering

X-ray diffraction

Xi



Chapter 1: Introduction
1. Lightweight, High-Performance Materials Crucial for Sustainability

The rising effects of global climate change are increasing the urgency of finding and applying
measures to reduce greenhouse gas emissions. The transportation sector is a prime candidate for
decarbonization. It accounts for 25% of global greenhouse gas emissions [1] and is the biggest
contributor to U.S. greenhouse gas emissions by sector as of 2022 [2]. Greenhouse gas emissions
can be reduced by improving the energy efficiency of all modes of transportation through vehicle
weight reduction, which can be accomplished in large part by replacing high density metals
conventionally used in their construction, such as steel, with low-density materials of
commensurate properties. This has driven great interest in composite materials that possess low
density and high mechanical performance. A composite is composed of a matrix material,
oftentimes a thermoset or thermoplastic polymer, that is reinforced by another material that offers
desirable properties such as high strength and stiffness or high thermal or electrical conductivity.
This combination is oftentimes synergistic: the low-density matrix material may be highly
formable but possesses insufficient strength and stiffness for the desired application whereas the
reinforcement material may have high mechanical properties but lacks formability to create a net
shape. Reinforcement materials are employed in many shapes and sizes, such as woven textiles,
unidirectional fibers, chopped fibers, and particles of various sizes, which gives engineers a broad
set of tools for meeting both performance and weight reduction criteria in their designs. Fibers are
one of the most common reinforcements for composites throughout history, and recently nano-
scale particles, referred to as nanofillers, have received intense attention due to their exceptional

properties.



High-performance fibers, such as fiberglass, basalt fibers, carbon fibers, and highly oriented
polymer fibers like Kevlar or ultra-high molecular weight polyethylene (UHMWPE), are desirable
reinforcement materials because they have exceptional specific strength and stiffness, and their
transversely isotropic properties enable composites designers to tune a final component’s
properties by orienting the fibers to achieve their design criteria while minimizing weight [3]. Such
composites have become staples of high-performance industries, such as aerospace and
motorsports, due to the exceptional strength-to-weight ratios that can be achieved.

While fiber-reinforced composites have been used and studied for hundreds of years,
nanoparticle-reinforced composites have recently come to the fore as the exceptional properties of
nanoparticles, particles with at least one dimension on the order of nanometers such as graphene
and carbon nanotubes, were discovered in the past three decades. For example, single-layer
graphene sheets possess a tensile modulus of up to 1 TPa and tensile strength of 130 GPa [4] in
addition to superior electrical [5] and thermal conductivity [6]. Accordingly, great attention has
been paid to incorporating these nanoparticles into polymers, including thermoplastics,
thermosets, and elastomers, to enhance mechanical performance and imbue thermal and electrical
conductivity for applications in wearable electronics, electromagnetic shielding, and structural
health monitoring [7,8].

Both fiber-reinforced and nanoparticle-reinforced composites stand to greatly improve the
energy efficiency of vehicles by supplanting denser materials, but the environmental cost of
producing these materials must also be considered. In this dissertation, the current state of high-
performance fibers, specifically carbon fibers and UHMWPE fibers, and nanoparticle composites
is reviewed and pathways to more sustainable production of these materials are demonstrated.

Through this work, new understandings of the relationships between the production of these



materials, their microstructure, and resultant properties are unveiled, which advances the state of

lightweight, high-performance materials development.

2. High-Performance Fibers for Fiber-Reinforced Composites

Many fibers have been employed in fiber-reinforced composites throughout history with
modern examples including glass, basalt, carbon, silicon carbide, aramids (Kevlar), UHMWPE,
and many more. The present work will focus on UHMWRPE fibers and carbon fibers derived from
UHMWPE fibers, and the remainder of this section of Chapter 1 introduces the fundamentals of

UHMWPE and carbon fibers.

2.1. About Ultra-High Molecular Weight Polyethylene Fibers

Polyethylene describes a class of polymers that are composed of ethylene monomers that are
classified by their density and degree of branching into the several categories including the four
most common types: linear low-density polyethylene (LLDPE), low-density polyethylene
(LDPE), high-density polyethylene (HDPE), and UHMWPE [9]. The differences in molecular

structure of these PEs is shown schematically in Figure 1 [10].

e
s
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Figure 1. Schematic representation of polymer chain crosslinking in a) LDPE, b) LLDPE, c) HDPE, and
d) UHMWPE [10]. Each is a simplistic representation highlighting key features, such as the long
branching of LDPE and short branching of LLDPE, the relatively linear structure of HDPE, and long
folded chains characteristic of UHMWPE. In all cases, these structures vary throughout the polymer



LDPE exhibits extensive long-chain branching and is consequently the lowest density of all
PEs. The highly branched structure also yields the lowest melting temperature of all PEs of 80-
110°C [10]. LLDPE, is a copolymer of ethylene with a few percent of an a-olefin comonomer that
exhibits short-chain branching, which results in slightly higher tensile strength, impact resistance,
melting temperature (115-125°C) and density compared to LDPE [10]. HDPE has a melting
temperature of approximately 120-140°C and exhibits limited short-chain branching [9].
UHMWPE chains are linear much like HDPE but are significantly longer; UHMWPE has a
molecular weight of at least 3M g/mol. These ultra long molecular chains oftentimes form into
crystalline structures, which is represented as a folded chain crystal in Figure 1d.

UHMWPE ranks amongst the highest performance technical-grade polymers boasting high
mechanical properties, low density, low coefficient of friction, and exceptional chemical
resistance, moisture resistance, and biocompatibility [11]. Accordingly, UHMWPE has found
myriad applications in film, fiber, and bulk form including battery separators [12,13], lightweight
ballistics protection [14], and biomedical implants [15]. UHMWPE fibers have 10x greater
tenacity by weight than steel fibers [16], which has engendered its use in fiber-reinforced polymer
composites [11,17], woven textiles for wearable devices [18], and lightweight anchor ropes for the
largest ships and offshore installations in the world [19]. These exceptional properties are achieved
through the fiber spinning and drawing processes, which extends and preferentially aligns the
extremely long UHMWPE molecules along the fiber axis. However, conventional fiber melt
spinning processes cannot be applied due to the extensive molecular entanglement of these long
molecules without modifications. This is overcome by dissolving UHMWPE into a semi-dilute

solution that can be extruded through small orifices wherein the polymer solution gels upon



cooling. This process, referred to as gel spinning, was invented in the late 1970’s and has come to
dominate commercial production of UHMWPE fibers [20].

Gel spinning can be further divided into two subsets based on the way the solvent is removed.
In one, referred to as wet extraction, a non-volatile solvent dissolves the UHMWPE and a volatile
extraction solvent is required to remove the non-volatile solvent from the gel fiber after spinning.
Paraffin oil is most commonly used for industrial-scale wet extraction gel spinning of UHMWPE
[21]. The extraction solvents are typically harmful petrochemical liquids such as hexane, toluene,
dioxane, methylene chloride, and trichlorotrifluoroethane [22]. In the other subset, referred to as
dry extraction, a volatile solvent is used to dissolve UHMWPE, and the solvent evaporates out of
the gel fiber without any additional extraction solvent. Decalin is most commonly used for
industrial-scale dry extraction gel spinning of UHMWPE, and some studies have used other
petrochemical solvents such as naphthalene, 1,2,4-trichlorobenzene, dodecane, camphene, and p-
xylene [22-24]. In both cases, the use and recovery of these solvents is costly due to the solvent
volume and environmental controls required at industrial scale, they present a host of health risks
to those exposed to them [25], and their production is energy intensive and detrimental to the

environment [26-28].

2.2. About Carbon Fibers

Carbon fibers are thin filaments containing at least 92 wt% carbon atoms arranged in planar
hexagonal networks [29]. Consequently, they possess high elastic modulus (up to 940 GPa for
pitch-derived carbon fibers) and strength (up to 7 GPa for polyacrylonitrile (PAN)-derived carbon
fibers) as well as low density due to their atomic composition [30]. The vast majority of carbon
fibers are derived from PAN, which requires solution spinning PAN into fibers, thermo-

oxidatively stabilizing the fibers in air in the temperature range of 200-400°C, then carbonizing



the fibers at high temperature in the range of 1000°C to 1700°C [30-33]. Ultra-high performance
carbon fibers can be created by graphitizing the fibers at temperatures ranging from 2500°C to
3000°C after carbonization [34,35], but this is an expensive procedure often reserved for special
applications. PAN achieved dominance as a precursor due to its relatively high carbon yield, highly
tunable processing parameters, and the superior properties of the carbon fibers it yields [36,37].
Although this precursor is referred to simply as PAN, it is most commonly a copolymer of PAN
and another acrylic comonomer, such as acrylic acid, methacrylic acid, or methacrylate, amongst
others, to improve drawability [38]. The critical advantage of PAN is that the material can be
stabilized at temperatures below its melting point, thereby retaining the fibers’ morphology during
subsequent thermo-oxidative stabilization. Strong interactions of highly polar nitrile groups allow
for the cyclization of PAN molecules in the temperature range of 180-250°C whereas it melts at
317°C [39-41]. However, producing PAN fibers is expensive; the precursor fibers account for
53% of the total cost of a carbon fiber [42]. Because PAN cyclizes and degrades before it melts,
it must be dissolved in a highly polar solvent, such as dimethylformamide or dimethyl sulfoxide,
to be spun into fibers [43]. This process is called solution spinning, which is subdivided into three
types: wet spinning, dry-jet wet spinning, and dry spinning. Wet spinning is the most common
method of solution spinning employed to form PAN fibers and involves the injection of a
PAN/solvent solution from small orifices into a solvent/non-solvent coagulation bath to induce the
precipitation of fibers, Figure 2 [44]. Dry-jet wet spinning is a modification of wet spinning
wherein an air gap of 10-200mm is established between the point of extrusion and the coagulation
bath [41]. It can enable non-circular fiber cross sections and results in greater mechanical
properties, faster spinning, and higher solid content [38]. However, it is limited to filament counts

less than 12,000 whereas wet spinning can achieve filament counts greater than 50,000 [41]. Both



wet spinning processes involve a series of coagulation baths of different compositions and
temperatures to achieve the desired fiber shape, dimensions, and properties by controlling the flux
of solvent out of and water into the fiber [45,46]. The fibers are typically stretched after they are
formed to improve molecular alignment, dried to remove water content, and relaxed to reduce
internal stresses induced by the stretching process following their formation [41,47]. The wet
spinning process is relatively slow because it is limited by the rate at which the fibers can form
while achieving desired properties, and it is expensive because it requires constant maintenance,

turnover, and disposal of the hazardous coagulation bath solution [42].

Figure 2. Abbreviated schematic of a wet spinning line composed of 1) polymer solution reservoir, 2)
metering pump, 3) spinneret, 4) coagulation bath, 5) washing bath, 6) drawing bath, 7) secondary washing
bath, 8) drying godet, and 9) dry-heated stretching and takeup [44]. Wet spinning lines can feature several
washing baths in series to achieve proper solvent exchange [46]

Dry spun fibers are formed by extruding a polymer solution into a heated gas atmosphere where
the solvent evaporates leaving a solidified fiber. A suitable solvent for this process must not only
readily solvate PAN but must also have a low vapor pressure and high stability with PAN at its
boiling point. Accordingly, dimethylformamide or dimethylacetamide are commonly used [48].
The dry spinning process enables the production of fibers with non-circular cross sections but
requires careful control of the drying process so that enough solvent is retained as a plasticizer
whilst capturing as much solvent as possible to be reused and prevent pollution. The complicated

equipment required to achieve the desired fiber morphology and safely contain the vaporized



volatile organic solvents makes this a costly process. The dry spinning of acrylic fibers was well-
reviewed by Imura et al. in 2014 including a schematic of a typical acrylic fiber dry spinning

system, shown in Figure 3 [49].
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Figure 3. Schematic of a typical dry-spinning system for acrylic fibers [49]

Replacing the solution spinning process with a more economical fiber spinning method may
greatly reduce the cost of producing precursor fibers and thus carbon fibers. An attractive
alternative to wet spinning is melt spinning, which is one of the most popular fiber spinning
methods due to its simplicity, high throughput, and low cost. This has inspired significant research

effort towards the conversion of melt-spinnable polymers into carbon fibers in recent decades [50].

3. Nanoparticle-Reinforced Composites

The term nanoparticle is used to describe any particle with at least one nanoscale dimension.
Some nanoparticles, such as carbon black, have been in use for millennia, well before the term
nanoparticle was even coined [51]. In the past thirty years, carbon-based nanoparticles, such as

graphene and carbon nanotubes, have attracted immense attention due to their exceptional



mechanical [4,52,53], electrical [5,54], thermal [6,54], and gas barrier properties [55].
Accordingly, great attention has been paid to incorporating these nanoparticles into myriad
materials including polymers, such as thermoplastics, thermosets, and elastomers, to enhance
mechanical performance and imbue thermal and electrical conductivity for applications in
wearable electronics, electromagnetic shielding, and structural health monitoring [7,8]. High-
performance polymers, such as UHMWPE, are particularly interesting for the deployment of any
nanofiller because their performance envelope could be extended towards applications typically
reserved for higher density materials such as carbon fibers or metals [56]. Graphene is especially
well-suited for polymer nanocomposites due to its high surface area and 2D morphology, and it

will be the focus of the nanocomposites formed and analyzed in this dissertation.

3.1. About Graphene

Graphene is characterized as a two-dimensional hexagonal lattice of carbon atoms that was
first discovered in 2004 through the micromechanical exfoliation of graphite [57,58]. As a stable
two-dimensional crystal, which had previously been theorized to be impossible, it immediately
drew attention as a well of opportunity. Indeed, in the succeeding decade it was shown that single-
layer graphene possesses remarkable mechanical [4], electrical [5], thermal [6], optical [59], and
barrier [55] properties. Brimming with visions for wide-ranging applications, research and
development efforts focused on methods of producing graphene at greater scale. This gave rise to
new subclasses of graphene such as graphene oxide, reduced graphene oxide, and multi-layered
graphene, called graphene nanoplatelets, and each of these graphene subvariants have found
effective use cases, such as reinforcing polymers [60], cements [61], metals [62,63], and carbon
fibers [64], amongst many others. The simplest and most economical method of graphene

production to date involves liquid-phase exfoliation of graphite into graphene nanoplatelets. This



is most commonly accomplished via high-shear mixing [65] and/or ultrasonication [66], and the
efficacy of these methods is highly influenced by the exfoliation media selected for these processes
[67-69]. Liquid-phase dispersions of graphene are a convenient means of incorporating these
particles into polymer composites, especially those that require liquid-phase processing in organic
solvents, such as wet spinning of polyacrylonitrile fibers used in carbon fiber production, or gel

spinning of UHMWPE fibers. The latter case is a core focus of the research in this dissertation.

3.2. Challenges in Polymer/Graphene Nanocomposites

Realizing the promise of polymer nanocomposites is challenging due to the self-attractive
nature of graphene sheets and the importance of the graphene/polymer interface. Strong Van der
Waals attraction between graphene layers encourages the agglomeration of graphene sheets into
graphite-like particles. The desirable properties of the graphene decline significantly with
increasing degree of agglomeration [70], and large agglomerated particles serve as stress
concentrating defects in the polymer matrix rather than reinforcements. In liquid suspensions, this
can be overcome by selecting a solvent with such an affinity for graphene that the particles remain
separated [68], by including a surfactant in the solution such as sodium cholate [71,72], or
functionalization with soluble polymers such as poly(vinyl alcohol) [73]. However, transferring
these dispersions into a polymer matrix without inducing agglomeration is difficult, especially for
thermoplastics that are conventionally processed in the melt phase. It has been found that inducing
extensional (or elongational) flow can apply the shear forces necessary to disaggregate
nanoparticles in polymer melts, but this requires complicated extruder screw designs and cost-
intensive multi-screw extruders [7,74—76]. These challenges can be avoided in solution processing
of polymers because the low viscosity of the solution enables the use of shear mixers and

ultrasonication to disperse the graphene amongst the polymer molecules. Solution processing is
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not possible or economically feasible for all polymers, so those that inherently require dissolution
for processing, such as wet or gel spun fibers, present a natural opportunity. However, the solution
must be designed to prevent graphene agglomeration in addition to dissolving the polymer, which
requires a suitable solvent or surfactants that will not have adverse effects on the polymer-
nanoparticle interface.

Even a well-dispersed polymer nanocomposite will underperform expectations if the
polymer/nanoparticle interface is poor [77]. Molecular bonding between graphene sheets and the
polymer matrix is highly dependent on the polymer molecular structure. Commonly used
thermoplastics, such as polyolefins, form non-covalent bonds with graphene, and while polymers
with aromatic rings can form n-r stacking bonds, linear chain polymers form weak CH-n bonds
[78]. This has encouraged extensive research into the graphene functionalization and polymer
grafting for improved interfacial bonding towards strong covalent bonds, but these efforts
oftentimes require complex chemistries that must be specifically tailored to the polymer matrix of
interest [79]. However, the polymer molecular structure is not the sole predictor of its interaction
with graphene. Local alignment of polymer chains, crystallite nucleation, and confinement all play

a role in the properties of the nanocomposite [80].

4. Reducing Environmental Impact and Cost in High-Performance Fiber and
Nanocomposite Production

Carbon fiber reinforced composites are notoriously expensive largely due to the cost of
producing the carbon fibers themselves [42]. Carbon fiber production is expensive and
environmentally costly due to the vast amounts of volatile organic solvents required for the
precursor fiber wet spinning process and the energy intensive oxidation and carbonization
processes required to convert those fibers to carbon fibers [42]. UHMWPE fiber production lacks
the latter thermal processes of carbon fiber production but requires significantly more harmful

11



petrochemical solvents due to the low concentration of UHMWPE that can be used during gel
spinning of the fibers. Low-cost graphene nanoparticle production via liquid-phase exfoliation is
similarly solvent intensive due to the low solution concentrations required for effective exfoliation
and stable dispersion of the particles [65,68]. However, several avenues to reducing these fiscal

and environmental costs have been identified in recent years.

4.1. Bio-derived Solvents for Ultra-High Molecular Weight Polyethylene Fiber Gel Spinning

Bio-derived solvents have received growing attention to supplant petrochemical solvents and
improve the sustainability of solvent-intensive processes ranging from pharmaceuticals to polymer
manufacturing [81,82]. This effort has extended to UHMWRPE fiber spinning in recent years, but
it remains a nascent area of research. In 2015, Schaller et al. [83] showed that natural oils, such as
peanut or olive oil, and fatty acids, such as lauric or stearic acid, could act as “poor” solvents for
UHMWAPE. These poor solvents enabled fiber spinning with significantly higher polymer
concentrations while maintaining mechanical properties equivalent to commercially produced
UHMWPE fibers showing that high throughput could be achieved with lower environmental
impact. Conversely, the authors also showed that fibers with far superior mechanical properties
could be produced at the same polymer concentration as industrial UHMWPE methods. These
natural solvents nonetheless required an extracting solvent. Isopropanol and diethyl ether were
used in the study, and supercritical CO> was suggested as an option for lower environmental impact
[83-86]. Pre-swelling of UHMWPE in a solvent, such as decalin, prior to spinning in paraffin oil
has been shown to significantly improve the properties of the resulting fibers [87]. Recently, olive
oil was blended with decalin and used to pre-swell UHMWPE particles for enhanced polymer
chain disentanglement preceding fiber spinning with paraffin oil, which resulted in 24% and 32%

increases in tenacity and tensile modulus respectively [88]. Greater mechanical properties may
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reduce the total volume of UHMWRPE fiber required for a given application, but the petrochemical
solvent intensity in the production process remains the same.

Avoiding petrochemical solvents altogether can be accomplished by using orange terpenes, a
food-grade bio-solvent derived from orange peel waste, which was first demonstrated by Abdul
Wagar Rajput in a 2013 dissertation and two subsequent publications [89-91]. UHMWPE powder
was dissolved in orange terpenes and extruded from a 1 mm diameter die into a water coagulation
bath. The solvent was fully removed via immersion in water and evaporation in air without any
extraction solvent, which makes this process very attractive for more sustainable UHMWPE fiber
production [90]. The resulting fibers were cylindrical and exhibited relatively poor tenacity, 0.26
cN/dtex. The Taguchi design of experiments method was employed to assess the significance of
feedstock particle size, solvating temperature, polymer concentration in the solution, and post-
solvation heating time. It was found that post-solvation heating time and polymer concentration
had the greatest positive effect on tensile strength although it was not a net improvement over the
initial results [91]. The greatest improvement in fiber properties arose from ultrasonication of the
UHMWRPE-orange terpenes solution prior to extrusion. The fibers exhibited a flat profile and
significantly improved tenacity, 1.69 cN/dtex [89]. Fiber drawing at rates ranging from 1:1 to 5:1
was applied to fibers spun from orange terpenes with and without ultrasonic treatment to assess
the effect of the ultrasonication on molecular orientation. It was found via polarized light
birefringence analysis that the samples spun from ultrasonicated polymer solutions exhibited
increased molecular alignment after drawing, but no morphological assessment or mechanical
properties were presented.

Such bio-derived solvents may simultaneously enable the formation of well-dispersed polymer

nanocomposites. The gel spinning method for UHMWPE fiber production presents an interesting
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advantage in this regard. Melt-phase incorporation of nanoparticles into thermoplastics results in
deleterious agglomerations due to the high viscosity of the melt [92,93]. Overcoming this requires
the use of complex and capital-intensive melt extruders, sometimes possessing as many as eight
screws [75], or additional processing steps, such as cryomilling the matrix or coating the nanofiller
[94]. Alternatively, even and stable liquid-phase dispersion of carbon nanoparticles can be
achieved quickly and easily with simple shear mixing and ultrasonication equipment if a conducive
solvent is selected [68,73]. This dispersion may be translated to the polymer matrix once the
polymer is dissolved into the solvent/graphene solution. Consequently, the solvent selected for this

purpose must be both a suitable solvent for dispersing the nanoparticles and solvating the polymer.

4.2. Commodity Polymers as Low-Cost Carbon Fiber Precursor Materials

Synthetic plastics have replaced natural and metallic materials in many applications since their
invention in the 1930’s due to their highly tunable and desirable mechanical and chemical
properties. This flexibility led to the domination of PAN for carbon fiber production and offers
opportunities to supplant PAN with a low-cost alternative. For instance, high-performance poly(p-
phenylene-2,6-benzobisoxazole) (PBO, tradename Zylon) fibers can be converted into carbon
fibers without the thermo-oxidative stabilization required for PAN-based carbon fibers [95-97].
However, the fibers are expensive to produce, because the polymerization of PBO is complex and
the fibers must be dry-jet wet spun [98-100]. Additionally, the resulting carbon fibers have only
attained modest mechanical properties to date [95]. Thus, research attention has turned to the
conversion of melt-spinnable, commodity thermoplastics to replace PAN.

Commodity thermoplastics are those that are made in the greatest volume worldwide and are
thus common and inexpensive. This classification typically includes polyolefins, poly(vinyl

chloride), polystyrene, polyesters, and polyamides [101,102]. Unlike pitch and bio-precursors,

14



synthetic plastic fibers can be produced with high molecular and microstructural homogeneity, and
unlike melt-spinnable PAN, the process can achieve fibers without voids at ambient environmental
conditions with simple equipment. The major challenge to the use of commodity melt spinnable
synthetic polymers as carbon fiber precursors is that their chemical structure is typically
insufficiently stable for the thermal processes required for conversion to carbon fibers. Researchers
have made great progress developing methods of overcoming this challenge in many polymers
including polyolefins, polyamides, polystyrene, polyester, and poly(vinyl chloride) [50].
Polyolefins are the most produced thermoplastic in the world and this family includes
polypropylene and polyethylene (PE). The combined production of all classifications of PE
accounts for approximately 30% of global plastic production making it one of the most widely
available commodity plastics on the market. Accordingly, PE has received great attention from the
academic and commercial realms as a potential alternative carbon fiber precursor. In 1978, Shozo
Horikiri [103] published the first patent to manufacture PE-derived carbon fibers using the
sulfonation method most commonly used today. Since then, many grades of PE have been
successfully converted into carbon fibers including LLDPE [104-106], LDPE [107], HDPE
[108,109], and UHMWPE [110,111]. This attention is well warranted; in 2019, Choi et al. [42]
estimated that PE-derived carbon fibers could cost 38% less than PAN-derived carbon fibers due
to the low cost of PE and the melt spinning process. The methods of converting PE to carbon fibers
have been reviewed as recently as 2022 by Roding et al. [112], which will be built on in this
section. PEs do not inherently possess the thermal stability required for successful carbon fiber
conversion, so a method of crosslinking the polymer chains of the precursor fibers is required.
Many methods of crosslinking PEs have been developed for many purposes and a subset of those

have been applied to carbon fiber synthesis. Sulfonation has emerged as the leading stabilization
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method for PE-derived carbon fiber synthesis, which will be reviewed in the following section,

and several promising alternatives that have arisen recently will be discussed afterwards.

4.3. Carbon Fibers Derived from Sulfonation Stabilized Polyethylenes

Sulfonation is the process of exposing PE fibers to high-concentration sulfuric acid at elevated
temperatures. Sufficiently sulfonated PE fibers can proceed directly to carbonization without
further thermo-oxidative stabilization. The 1978 patent by Horikiri et al. [103] is credited as the
first demonstration of this process, and the mechanical properties they reported, up to 147 GPa
elastic modulus and 2.53 GPa tensile strength, initiated decades of subsequent investigation.
Pioneering academic studies conducted in the 1990s shed some light on the chemical, mechanical,
and microstructural evolution of sulfonated PE into carbon fibers. Postema et al. [106] melt spun
LLDPE fibers and stabilized the fibers via exposure to chlorosulfonic acid at room temperature.
Infrared spectroscopy revealed the formation of sulfonic-group bridges, which indicated that
treatment with sulfuric acid could achieve the same crosslinking effect. The fibers were then
carbonized at 900°C for 5 min under constant tension, and the final fibers exhibited a tensile
strength of 1.15 GPa and Young’s modulus of 60 GPa. The chlorosulfonation process induced
axial and radial cracks on the surface of the stabilized fibers, and the carbonized fibers exhibited
an amorphous microstructure with significant surface defects. In a series of publications from 1993
to 1996, Zhang [111] with Bhat [110] and later with Sun [113] demonstrated the production of
carbon fibers from sulfonation stabilized PE and explored the effects of fiber molecular weight,
molecular order, and sulfonation parameters on resulting carbon fiber properties. In 1993, Zhang
[111] showed that UHMWPE could be converted to carbon fibers via sulfonation at 130-160°C
for at least 75 min. The resulting carbon fibers exhibited a tensile strength of 2.1 GPa and Young’s

modulus of 210 GPa with densified cross sections. Zhang and Sun [113] showed that high
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temperature sulfonation is required for full stabilization, and that improper sulfonation would yield
a hollow core where the polymer had been insufficiently stabilized and burned away during
carbonization. In this study it was also shown that the molecular order of the precursor affects the
required time for complete sulfonation; the less-ordered, highly drawn PE precursor fiber could be
sulfonated in as little as 45 minutes compared with the 75 min minimum found for UHMWPE
precursor fibers in Zhang’s earlier study. The mechanical properties of carbon fibers were also
shown to be directly related to sulfonation temperature; increasing the sulfonation temperature
from 130°C to 180°C yielded greater mechanical properties [113]. The mechanism underlying
sulfonation-induced crosslinking was proposed in 2013 by Younker et al. [114] and demonstrated
in 2015 by Barton et al. [115]. Younker et al. [114] proposed a radical chain reaction wherein
sulfonic groups on the polymer chain, introduced by the sulfuric acid, decompose into a hydroxyl
radical and hydroxysulfonyl radical. The former abstracts hydrogen from the polymer while the
latter further decomposes into another hydroxyl radical, which removes more hydrogen and sulfur
dioxide to complete the cycle. The resulting aromatic structure is then sufficiently stable to conduct

carbonization, which drives off the remaining noncarbon elements, Figure 4.
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Figure 4. Schematic of the transformation of PE into carbon [115]
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Barton et al. [115] confirmed this mechanism by identifying sulfonic groups on PE fibers
sulfonated with sulfuric acid via Fourier transform infrared spectroscopy, the evolution of sulfur
dioxide and water vapor during carbonization via evolved gas analysis-gas chromatography, and
a decrease in S=0 bonds via attenuated total reflectance infrared spectroscopy.

After settling the mechanism of sulfonation, Barton joined Behr et al. [116] in establishing a
structure-property model for PE-derived carbon fibers in 2016. The authors conducted a series of
experiments synthesizing carbon fibers from HDPE at carbonization temperatures ranging from
900°C to 2400°C. Single-fiber tensile tests were used to determine the mechanical properties of
the carbon fibers. Wide-angle X-ray diffraction was used to assess the orientation of graphitic
layers. These results were used to apply Northolt et al.’s [117] uniform stress structure-property
model for PAN-derived carbon fibers. The authors were able to show that the relationship between
microstructure orientation and tensile modulus is different from each PAN- and pitch-derived
carbon fibers and the shear modulus between graphitic layers of PE-derived carbon fibers was
lower than both. This insight implies that the crosslink density in PE-derived carbon fibers is lower,
which could indicate a greater propensity for orientation during graphitization and thus greater
mechanical properties. This relationship can be used to estimate the level of orientation required
to achieve high properties or predict properties based on an observed level of orientation.
Critically, their experimental results can be extrapolated to show that highly oriented PE-derived
carbon fibers could achieve tensile properties that meet or exceed PAN-derived carbon fibers,
Figure 5 [116]. Expanding on their previous work, Barton and Behr [118] recently utilized a
graphitization process with the addition of boron to yield LLDPE-derived carbon fibers with a

tensile modulus greater than 400 GPa when graphitized at 2400 °C. The boron additive was shown
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to reduce the necessary temperature for graphitization and produces fibers with superior modulus

at lower temperatures.
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Figure 5. Compliance (1/E) vs. orientation parameter for PE- (green squares), PAN- (red circles), and
pitch- (blue triangles) derived carbon fiber. Shear moduli calculated from the data for each type are
included. Note that the tensile moduli for the PE-derived carbon fiber are corrected for porosity, and the
error bars were estimated from replicated measurements of the same fiber [116]

Many aspects of the precursor fibers and the processing conditions affect the properties of the
PE-derived carbon fibers. Sufficient sulfonation is the most important factor in synthesizing carbon
fibers from precursors, and it has been shown that the diameter of the precursor fiber, fiber
crystallinity, and the sulfonation temperature are inversely proportional to the required sulfonation
time [105,108]. Recent advances in the sulfonation process, such as applying hydrostatic pressure,
up to 5 bar, have been used to increase the rate of sulfuric acid penetration into the precursor fibers
to accelerate the sulfonation process and overcome limitations induced by the crystallinity of the
precursor fibers [119]. Reducing precursor fiber diameter also results in increased carbon fiber
mechanical properties [104], as does careful control of tension applied to the fibers during
sulfonation and carbonization [105]. Applying tension during conversion processing increases the
degree of alignment in the carbon chains that make-up the backbone of carbon fiber, which has a
direct correlation to increased mechanical properties and the anisotropic microstructure of the

carbonized fiber.
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Although sulfonation stabilized-PE derived carbon fibers show great promise, it must be
acknowledged that the sulfonation process is costly and ecologically unfriendly because the best
results require the use of high- or fuming-concentration sulfuric acid at high temperature.
Accordingly, recent research has focused on the application of electron beam irradiation to lower
the requirements for successful stabilization via sulfonation. In 2019, Choi et al. [120] were the
first to demonstrate the production of carbon fibers from PE precursors that were pretreated with
electron beam irradiation prior to sulfonation. In their work, the LLDPE precursor fibers were
exposed to 500-1500 kGy prior to sulfonation in 98% sulfuric acid at 95°C followed by
carbonization. The resultant carbon fibers exhibited functional mechanical properties of 1.3 GPa
tensile strength, 89.9 GPa tensile modulus, and 1.5% elongation at break as well as a carbon yield
of 44.6% for fibers pretreated with 1500 kGy irradiation. In addition to greatly reducing the
sulfuric acid concentration and temperature (from 120% to 98% and 140°C to 95°C respectively),
the authors were also able to achieve these results in one less hour of sulfonation duration [120].
In 2021, Kang et al. [121] performed a similar procedure with HDPE precursor fibers and achieved
a carbonization yield of 40% with consistent, densified cross-section fibers, but did not publish

mechanical properties for the carbon fibers.

4.4. Alternative PE Stabilization Methods

Despite the promising results of sulfonated-PE-derived carbon fibers, the challenges of the
sulfonation process, well exemplified by the complex multiphase reactor developed by Hukkanen
etal. in 2018 [122], Figure 6, have led researchers to explore alternative PE stabilization pathways.
Some well documented methods, such as peroxide crosslinking, silane crosslinking, and irradiative
methods without sulfonation, yield crosslinking densities too low for carbonization [123], whereas

others, such as halogenation, ammoxidation, and sulfurization have shown potential.
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Figure 6. Example of a continuous fiber sulfonation reactor system for sulfonating tows of polyethylene
fibers for carbon fiber production. Reprinted with permission from [122]. Copyright 2018 American
Chemical Society

The highly reactive nature of halogen elements creates an attractive opportunity to strip the
hydrogen from polymer chains to form carbon fibers. Generally, the halogen attaches to the
hydrogen atoms of the polymer to form hydrohalogens, and a succeeding dehydrohalogenation
process removes these molecules to reveal a carbon-only structure. A pathway to converting
chlorine-saturated PE into carbon fiber was introduced as early as 1972. Saglio et al. [124]
demonstrated that LDPE saturated to 73.7 wt% chlorine could be wet spun and converted into
carbon fibers through a thermal dehydrochlorination process followed by carbonization. The
resulting carbon fibers displayed turbostratic carbon regions after a carbonization stage conducted
at 800°C and graphitization was possible at much higher temperatures. This conversion method
leaves much to be desired due to the wet spinning fiber formation method, the substantial
consumption of chlorine, and significant generation of HCI gas, and was thus abandoned in favor
of sulfonation.

Halogenation was revisited recently by Laycock et al. in 2020, [125] who demonstrated the

pyrolysis of brominated PE fibers and proposed a possible conversion mechanism, shown in Figure
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7. The authors brominated melt spun PE fibers, and blends of PE with other materials such as kraft
lignin, under ultraviolet irradiation and converted the brominated precursors into carbon fibers
through a two-stage process involving a dehydrobromination at 180°C followed by carbonization
at > 800°C. Dow ASPUN LLDPE, metallocene LLDPE, HDPE, and LDPE were all used in this
study. Carbon vyields greater than 90% were achieved, but the fiber morphology could not be
retained due to its solubility with liquid bromine. Such a high carbon yield is attractive and the
ability to recover and reuse bromine from the process makes this method promising, so the authors
acknowledge that future work will involve the exploration of gas-phase bromination to maintain

fiber morphology for carbon fiber production.
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Figure 7. Proposed mechanism for the conversion of PE into carbon fibers via bromination [125]
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In pursuit of an air-oxidation method, in 2018 Barton et al. [126] discovered that ammoxidized
silane grafted-PE could be converted to carbon fibers with a carbon yield up to 70%. The authors
formed crosslinked PE film and fibers by immersing LLDPE graft vinyl trimethoxysilane (PE-g-
VTMS) in a sulfonic acid catalyst and then heating in air at 100% humidity. The initial intent was
to demonstrate an air oxidation method of the crosslinked PE-g-VTMS, but lackluster results
prompted the exploration of ammoxidation as an alternative. Samples that were immersed in air-
sparged 5M anhydrous ammonia prior to oxidation demonstrated aromatic structures and high
mass retention after oxidation and carbon yields up to 70% after carbonization. The resulting
carbonaceous material was largely amorphous but graphitic regions were evident via high
resolution transmission electron microscopy (HRTEM), Figure 8a. Although the precursor
morphology was identifiable after pyrolysis, the fibers were fused together after oxidation, Figure
8b. Therefore, this method requires more development to realize its potential as an alternative to

high temperature sulfonation.

Figure 8. a) HRTEM imagof an amoidation-ilizedcarbon fiber exhiting graphitic regions
including extended stacking of lattice fringes in the encircled region, and b) SEM image of the cross
section of fused, carbonized PE fibers [126]

The latest development in alternative stabilization methods for PE involves elemental sulfur
rather than sulfuric or sulfonic acid. In 2021, Frank et al. [127] irradiated various grades of PE

fiber with an electron beam and then sulfurized the fibers in molten elemental sulfur. The

23



irradiation step provides sufficient initial crosslinking for immersion in the molten sulfur at
temperatures greater than 240°C. Sulfurization was first shown to convert PE into a semi-
aromatized material containing poly(thienothiophene) and poly(naphthothienothiophene) blocks
by Trofimov et al. in 2000 [128]. Frank et al. [127] applied this chemistry to their precursor PE
fibers and then successfully carbonized the resulting fibers. Carbon yields up to 76% were
achieved and the synthesized carbon fibers showed dense cross sections with few voids, Figure 9.
The carbon content of the resulting fibers was measured to be 98.7%, thus the input sulfur could
be considered entirely removed. The authors noted that sulfur-capture technology has long been
matured due to extensive use of the vulcanization process at industrial scale, so input sulfur can
readily be captured and re-used. The authors did not publish mechanical results and cited a need
for production scale-up of the process to truly demonstrate the mechanical characteristics of carbon

fibers produced in this method.

i S
Figure 9. SEM images of carbon fibers derived from sulfurized HDPE (left column) and sulfurized LDPE

(right column) showing the resultant morphology including smooth exterior surfaces and minor voids and
inclusions [127]
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5. Summary and Primary Research Questions

Fiber- and nanoparticle-reinforced composites offer the specific strength and stiffness needed
to supplant denser metals in vehicle construction for significant energy efficiency gains. The high
strength and stiffness of carbon and UHMWPE fibers are highly desirable for high-performance
fiber-reinforced composites, but producing these fibers is costly and environmentally
unsustainable. For carbon fibers, this may be addressed by using alternative precursor materials,
such as polyethylene that can be spun into fibers at significantly greater throughput without the
use of petrochemical solvents. For UHMWPE fibers, this may be resolved in part by replacing the
solvents required for UHMWPE gel spinning with renewable alternatives. Polymer
nanocomposites reinforced with graphene promise outstanding multifunctional properties, but the
incorporation of the nanoparticles into the polymer matrix presents challenges in maintaining an
even particle dispersion and tailoring the polymer/graphene interface for maximum load transfer.
Solution processing of polymer nanocomposites can be used to overcome this issue if an
appropriate solvent for both polymer dissolution and graphene dispersion is selected, and a bio-
derived solvent is highly desired to reduce environmental impact. In all cases, there is much to be
learned about how these alternative methods affect the microstructure and properties of the
resultant materials, and the research efforts reported in this dissertation represent a step towards

understanding these relationships. This gives rise to three primary research questions.

What is the effect of tension during sulfonation stabilization of PE-derived carbon fiber?

UHMWPE has been converted into carbon fibers in the past with promising results
[110,111,113], and the authors of these publications acknowledged that optimizing the tension
applied during the sulfonation stabilization of these fibers is crucial to maximizing mechanical

properties. Yet, recent research has focused on the conversion of lower molecular weight variants
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of PE, and the effect of tension applied during the sulfonation stabilization of PE remains
unresolved. It is hypothesized that the long and highly ordered molecular chains of UHMWPE
may enable superior graphitic structure development during carbon fiber conversion if the
sulfonation tension can be tuned to maintain this alignment. Understanding the effect of this
processing parameter on the evolution of the microstructure and properties of UHMWPE-derived
carbon fibers will demonstrate pathways to maximize the performance of these fibers and will
provide crucial insights to advance the development of carbon fiber synthesis from commodity-

grade polyethylene precursor fibers as well [50].

What are the properties and potential of UHMWPE fibers spun using orange terpenes?

Current literature regarding UHMWPE fibers spun using bio-derived solvents that do not
require solvent extraction, specifically an orange fruit byproduct called orange terpenes, lacks
detailed information regarding the microstructure and properties of the fibers [90]. Gaining an
understanding of the evolution of the microstructure during the spinning and drawing processes is
critical to understanding the potential of this gel spinning method for making high-performance
fibers that can rival those produced using petrochemical solvents. Probing the process-structure-
property relationships underlying this material sets a baseline for optimizing this process and for
exploring other bio-derived solvents that could be used for dry-extraction gel spinning of
UHMWPE with additional benefits, such as higher polymer concentration, improved

gelation/crystallization kinetics, or suitability for nanoparticle dispersion.

How does graphene affect the microstructure and properties of UHMWPE fibers spun using
bio-derived solvents?

Carbon nanoparticles, such as graphene and carbon nanotubes, have been used to reinforce and
augment polymers, thereby forming polymer nanocomposites, for over thirty years due to the
exceptional properties of the nanoparticles [129]. However, little information is available on
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UHMWPE nanocomposite fibers. It has been shown in other polymers that the fiber spinning
process can preferentially align the nanofillers along the fiber axis [130], and that graphene can
locally align polymer molecules along the graphene sheet [64] both improving mechanical
properties. This begs the question: How does graphene affect the microstructure and properties of
UHMWPE fibers spun using bio-derived solvents? It is hypothesized that graphene may aid in
bridging the amorphous regions and reinforce the tie molecules that connect the crystalline phases
in the UHMWPE thereby enhancing the strength and stiffness of the fibers [131]. However, the
growth of lamellar crystals during gel spinning and extension of those lamellae into extended chain
crystals during drawing is crucial to the development of the mechanical properties of the polymer
fiber. The influence of graphene particles on these processes is not well understood.

Each of these questions will be answered through the next three chapters of this dissertation,
and a summary and recommendations for future work based on these results will be covered in the
final chapter. The results presented in Chapters 2 and 3 have been published in the Journal of
Polymer Research [132] and Polymer Science & Engineering [133] respectively, and a version of
Chapter 4 is under review for publication in Advanced Composites and Hybrid Materials, as of the

time this dissertation was published.
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Chapter 2. Effect of Tension Applied During Sulfonation
Stabilization for UHMWPE-derived Carbon Fibers

1. Introduction

The process of synthesizing carbon fibers from sulfonation-stabilized polyethylene (PE) has
received great attention since it was first patented in 1978 [103]. PE is much more abundant and
less costly compared to the commercially dominant carbon fiber precursor, polyacrylonitrile
(PAN), and has shown the greatest promise in terms of carbon fiber mechanical properties of the
general population of commodity polymers that have been investigated as alternative carbon fiber
precursors [50]. Although early work led by Dong Zhang [110,111,113] demonstrated carbon
fibers with high mechanical properties derived from highly aligned PE (UHMWPE), research
focus has shifted towards linear low density polyethylene (LLDPE) and high density polyethylene
(HDPE) in recent decades [112]. This is attributed to the relatively long sulfonation stabilization
duration required by the slow diffusion of sulfuric acid through the highly crystalline
microstructure of UHMWPE [112]. However, increasing precursor molecular weight and
molecular alignment has been shown to increase the mechanical properties of the resultant carbon
fibers [116,134]. So, the high molecular weight and highly aligned molecular structure of
UHMWPE fibers may present an opportunity for greater graphitic alignment and thus greater
mechanical performance in the resulting carbon fibers. Maintaining this alignment throughout
conversion requires the application of tension during stabilization and carbonization to reduce or
prevent the occurrence of chain relaxation and shrinkage. This process is complicated for PE-
derived carbon fiber production by the elevated temperature required to successfully stabilize the
precursor fibers via sulfonation. At elevated temperatures the precursor fiber mechanical
properties decline precipitously [135], which limits the amount of tension that can be applied. Kim
and Lee [136] encountered this problem when studying the effect of processing parameters on the
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conversion of LLDPE. The max stress the authors could apply to LLDPE fibers during sulfonation
was 0.26 MPa. Herein lies another advantage for UHMWPE as a precursor: it has the greatest
mechanical properties of all PE variants. Therefore, it presents an opportunity to apply greater
tension during sulfonation and carbonization to maintain high molecular alignment that could
translate to the final carbon fibers.

Zhang and Sun acknowledged that optimization of sulfonation tension could be the key to
leveraging the high order of UHMWPE precursors [113], but prior to this work no study had been
published probing this hypothesis. Herein, the effect of tension during the conversion of
commercially available UHMWPE to carbon fibers is explored to test this hypothesis and explore
the morphological, microstructural, and mechanical property evolution of PE-derived carbon
fibers. A baseline conversion protocol was established for the selected UHMWPE precursor fiber,
and then a logarithmic sweep of the sulfonation tension was performed, ranging from 0.1
MPa/filament tensile stress to 10 MPa. The fibers were then carbonized and characterized via
thermal, microstructural, and mechanical characterization techniques to probe the chemical and

structural evolution of the UHMWRPE fibers to carbon fibers.

2. Experimental Methods
2.1. Materials

Dyneema SK60 UHMWPE fibers with a nominal diameter of 12 um (880 dtex, 780
filaments/tow, 0.96 g/cm® density, manufactured by DSM) were selected for this study.
Histological-grade acetone and deionized water were used for spin finish removal. 95-98% sulfuric
acid was acquired from Millipore-Sigma and used without further purification for all sulfonation

trials.
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2.2. Sample Preparation

2.2.1. Precursor Preparation

As delivered, the precursor fibers are coated with a proprietary thin coating referred to as a
spin finish. The composition of this coating is a closely kept trade secret but it may contain several
compounds that offer anti-static, lubricating, antioxidant, and thermal stabilizing characteristics
[137,138]. It was found that the presence of the spin finish during sulfonation stabilization has a
deleterious effect on the fibers and can result in premature failure. Honeywell, a manufacturer of
UHMWPE fiber, acknowledged that removal of the spin finish may be desirable in various
applications and discussed methods of removal in a recent patent [139]. DSM described the spin
finish on the Dyneema UHMWRPE fibers used in this study as water-soluble. This is consistent
with spin finish applied to other commercial fibers, so initial wash trials using only deionized water
were conducted consistent with the procedures used in [140]. Additional trials using tribasic
sodium phosphate, a common scouring agent for natural and synthetic fibers, were attempted based
on [139,141]. Finally, routines including acetone washing and ultrasonication were explored,
Table 1. Success was determined by completing a 7 h sulfonation without fiber failure. It was
observed that fibers without the removal of the spin finish failed at approximately 4 h sulfonation
and fibers with incomplete spin finish removal would fail in less than 5 h.

The following two-step washing method was used to remove the spin finish from the precursor
fibers. First, the fibers were ultrasonicated in acetone for 30 minutes followed by a rinse with
acetone and deionized (DI) water. Then, the fibers were ultrasonicated in deionized water at 60°C
for 30 minutes. The fibers were then rinsed once more with deionized water, blown with air, and

hung to dry in air for no less than 12 hours.
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Table 1. Experimental spin finish removal procedures and their results

Wash Procedure Result
No rinse or soak Failure at approximately 240 min
30 min stirred & ramp heated DI soak, post-rinse DI Failure at 284 min

Rinse: acetone, methanol, ethanol, isopropanol, DI water,
then 20 min ultrasonicate in DI water
Stirred soak in 1% aqg. tribasic sodium phosphate @ 60°C
for 1h. Acetone, isopropanol, then DI water rinse
Ultrasonicated soak in 5% ag. tribasic sodium phosphate
@ 60°C for 1h. DI water rinse

15 min stirred acetone soak, 15 min stirred DI water soak,

DI water post-rinse
Ultrasonication: 30 min acetone, 30 DI water,

rinse after each step

Failure at 287 min

Failure at 148 min

Failure at 262 min
Successful, but fibers were brittle

Successful sulfonation

2.2.2. Sulfonation Stabilization

A custom Teflon and glass frame was designed and fabricated to apply deadweight tension to
a continuous tow of fibers such that only straight sections without knots were immersed in the
sulfuric acid bath, Figure 10. The sulfuric acid bath was composed entirely of 95-98% sulfuric
acid without dilution. The amount of time it takes to completely stabilize a polyethylene fiber via
sulfonation is dependent on the temperature of the sulfuric acid bath, diameter of the fiber, and
several polymer characteristics such as crystallinity [112]. A series of trials of varying sulfonation
time and temperature were conducted to determine the parameters necessary for completed
sulfonation of the precursor fibers used in this study. Differential scanning calorimetry (DSC) was
used to observe the reduction and elimination of the melting endotherm of the precursor, which
indicates thermal stability. Thermogravimetric analysis (TGA) was used to identify the amount of
carbonized material remaining after exposure to carbonization temperatures. Parameter sets with
promising DSC and TGA results were used to make carbon fibers and scanning electron
microscopy (SEM) was used to confirm that the resulting fibers had a completely densified cross

section.
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Figure 10. Computer-aided design rendering and cutaway schematic of custom sulfonation tension
application apparatus used to apply constant tension to UHMWPE tows during sulfonation stabilization

An initial sulfonation temperature of 130°C was selected, and the duration was increased in
increments of 1h from 2 h to 5 h. The melting peak seemed to disappear at 5 h and carbonization
resulted in a char yield of 46.3% (Figure S1), which is consistent with other PE-derived carbon

fibers published in literature [113].
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Figure 11. a) Thermogravimetric analysis plot showing the mass reduction of the sample fibers during
heating up to carbonization temperatures, and b) DSC heat flow plot showing the reduction in melting peak
with increasing sulfonation time
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However, the resulting carbon fibers had a hollow core, Figure 12, which indicates that the
interior of the fiber was not completely stabilized. The sulfonation temperature was then increased
to accelerate the rate of diffusion of the sulfuric acid into the fibers thereby increasing the
stabilization depth without increasing the stabilization time. Increasing the sulfonation temperature
to 145°C significantly increased the carbon yield to 55.4%, but the fiber tow broke in the process.
Although DSC shows that the melting peak occurs at approximately 154°C, the melting endotherm
begins at approximately 135°C. Therefore, 135°C was selected as the sulfonation temperature for

the remaining trials. It was then found that sulfonation at 135°C for 7 h yielded fully densified

carbon fibers that were pliable and capable of being handled for subsequent characterizations.

Figure 12. a) SEM image of hollow carbon fibers resulting from insufficient sulfonation, and b) solid-
cored carbon fibers indicating successful carbonization

It was found that sulfonation at 135°C for 7 h resulted in fibers sufficiently stabilized to yield
carbon fibers with densified cross-sections, so these parameters were applied to all subsequent
trials. Tension applied during sulfonation was then varied in a three-step logarithmic sweep from
near-zero tension, 0.1 MPa tensile stress, to near-max tension, 10 MPa tensile stress. Trials with
20 MPa applied tensile stress resulted in fiber breakage, so the log-sweep was not extended beyond
10 MPa.
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2.2.3. Carbonization

The sulfonation-stabilized fibers were converted into carbon fibers by heating to 1000°C from
room temperature in an argon atmosphere at a heating rate of 3 °C/min (MTI OTF-1200X-S-VT).
A graphite deadweight was attached to the fiber tow to apply 1 MPa tensile stress during

carbonization for all trials.

2.3. Characterization Methods

2.3.1. Thermal Analysis

DSC and TGA were conducted using a Netzsch STA 449 F1 Jupiter Simultaneous Thermal
Analyzer. Samples weighing 7 £ 1 mg were produced by cutting fibers into short pieces and
pressing them into a platinum crucible for maximum contact area. The samples were then heated

to 1000°C with a heating rate of 10 °C/min in an argon atmosphere.

2.3.2. Morphological Analysis

Fiber shrinkage during sulfonation was measured by analysis of digital images of a positional
reference attached to the fiber tow collected every 60 seconds. A short length of precursor fiber
was fully immersed in the sulfuric acid solution and attached to a chemically inert string that
extended outside the bath to apply deadweight tension. A custom image analysis script was used
to detect the position of a green indicator attached to that string, thus indicating the shrinkage of
the tow in the bath [142]. Scanning electron microscopy (SEM, FEI Quanta 650) was used to image
the fiber morphology at all stages of conversion. All non-carbonized samples were sputter coated

in gold (Cressington 108 Auto/SE) to avoid charging.

2.3.3. Microstructural Analysis

Raman spectroscopy was conducted using a Renishaw InVia Confocal Raman microscope with

a 50x objective lens. The laser wavelength was selected to minimize fluorescence according to
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each sample. A 405 nm wavelength laser was used for the precursor UHMWPE fibers, and 514
nm wavelength laser was used on the sulfonated and carbonized fibers. The sample fibers were
mounted in epoxy and sectioned to reveal radial cross sections and polished. Spectra were collected
for three fibers per sample and averaged prior to baseline subtraction and normalization.

The precursor UHMWPE fibers, sulfonated fibers, and carbonized fibers were characterized
via X-ray diffraction in the Debye-Scherrer configuration on a Bruker D8 Venture, equipped with
Cu-Ka radiation, a Helios™ monochromator, and a Photon Il 2-D detector [143]. This setup
yielded a radiation wavelength of 0.154184 nm and a spot of size of 100 um. Aligned fiber tows
were inserted into low-absorbing glass capillaries of 1 mm diameter and approximately 10 mm in
length. The capillaries were filled with as many fibers as possible in the interest of acquiring high
signal-to-noise ratios. The carbonized fibers were sufficiently stiff and aligned well enough to
allow for protrusion of the fibers out of the open end of the capillaries, allowing for a more accurate
diffraction pattern with only air contributing to the background scattering. The capillaries
containing the fibers, or supporting the fibers, were rotated 360° about the fiber axis for the
duration of each scan.

2-D frames (0.02° 26 resolution) were collected in equatorial and meridional configurations
for all sample fibers. A blank scan of the 1 mm capillaries was collected under the same conditions
as the fiber samples, and this 2-D frame was subtracted from all collected data prior to subsequent
analysis [144]. In the case of the carbonized fibers, a blank scan of the air was collected and
subtracted from the data. To acquire 1-D patterns, the collected scans were integrated +20° around
the azimuthal direction, horizontally along the 2-D frame (10° — 102° 20). Integration was
performed using Bruker APEX4 software. For the equatorial scans, the fibers were rotated

vertically relative to the detector and perpendicular to the 1-D integration direction, Figure. 13a.
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For the meridional scans, the fibers were rotated horizontally relative to the detector and parallel
to the integration direction, Figure. 13b. Using both configurations enables a broader perspective
of the crystallographic texture inherent in fibers because physical limitations of the detector size
required physical rotation of the diffracting crystallographic planes in the fibers. For systems with
larger detectors, such as those found on synchrotrons, rotation of the fibers is unnecessary.

For all subsequent quantitative analyses of the carbonized fibers, a turbostratic layer stacking
structure was assumed [145,146]. For the carbonized fibers, the azimuthal intensity distribution at
the (002) peak, averaging across a 20 width of 1°, was collected to assess crystallite orientation.
The parameters extracted from the equatorial, meridional, and azimuthal scans for the carbonized

fibers are explained in more detail in Section 3.3.

Fiber Axis

Figure. 13 a) Equatorial 2D data frame, and b) meridional 2D data frame, with integration regions
overlayed, for a carbon fiber derived from UHMWPE sulfonation stabilized under a tensile stress of 10
MPa. The fiber texture is evident through the varying intensity along the azimuthal direction

2.3.4. Mechanical Analysis

Single-fiber tensile tests were performed according to ASTM standard C1557 with a gauge
length of 10 mm using an MTS Nano Bionix UTM, which has a maximum load capacity of 500
mN and 150 mm of extension. Carbon fiber samples were tested with a strain rate of 1e-4 s to

complete the tests within the minimum time called for in the standard. The fracture surface from
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each tensile test was imaged via SEM, and the cross-sectional area was measured using ImageJ to

calculate the mechanical properties.

3. Results and Discussion
3.1. Thermal Analysis

DSC thermograms showed that the melting peak, at approximately 155°C in the precursor, had
been eliminated in all samples regardless of applied tension, Figure 14, which indicates that the
stabilization process was completed in all cases. TGA results showed that the tension applied
during sulfonation can affect the ultimate carbon yield after carbonization. Fibers sulfonated under
1 MPa and 10 MPa tension exhibited similar rates of mass loss ending at a similar carbon yield,
55.3% and 56.1% respectively. However, the sample sulfonated at minimum tension, 0.1 MPa,
exhibited a lower rate of mass loss and ultimately significantly higher char yield at carbonization
temperatures, 68.6% Figure 14, which may be the result of virtually uninhibited chain relaxation

allowing for greater penetration of the sulfuric acid and greater crosslinking.
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Figure 14. a) DSC curves for the UHMWPE precursor fibers and fibers sulfonation stabilized with
various amounts of applied tensile stress, and b) TGA curves showing the char yield of the same
sulfonation stabilized fibers compared to the UHMWPE precursor
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3.2. Morphological Evolution

UHMWRPE fibers shrink considerably along the fiber axis during the sulfonation process, so
the change in length of a finite-length precursor tow was tracked during sulfonation, Figure 15.
Time lapse recordings showing the physical change in the tow length over time with an adjoining

plot of shrinkage are available where this work was published [132].
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Figure 15. a) UHMWPE precursor fiber shrinkage during sulfonation stabilization as a function of
tensile stress applied during the stabilization process, and b) rate of shrinkage of the tow during the
stabilization process

Consistent with the findings of De Palmenaer’s 2017 study of HDPE precursor conversion
parameters, [112,147], two distinct shrinkage regimes occurred; A relatively low rate of shrinkage
occurs in the first hour caused by the thermal relaxation of the polymer chains, called entropic
shrinkage, then chemical shrinkage occurs at a relatively high rate until the fiber reaches

equilibrium. The first regime is preceded by an instantaneous shrinkage upon contact with the bath
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under 0.1 MPa and 1.0 MPa tensile stress, which was eliminated under 10 MPa tensile stress. The
first regime shrinkage is approximately the same for the 0.1 MPa and 1.0 MPa stressed fibers but
is eliminated when 10 MPa tensile stress is applied indicating that the applied tension has
overcome the entropic shrinkage. Applying tension at 10 MPa also slowed the chemical shrinkage
regime; the peak rate of shrinkage under 10 MPa tensile stress was 0.40 mm/min compared to 0.71
mm/min at 1.0 MPa and 0.59 mm/min at 0.1 MPa. Ultimately, the fibers sulfonated under 10 MPa
tensile stress shrunk significantly less than the lower tension samples with a total reduction in
length of 66.4% compared to 73.6% for the tow stressed at 1.0 MPa and 78.9% for the tow stressed
at 0.1 MPa.

SEM was used to observe the effect of macro-scale shrinkage on the micro-scale morphology
of the fibers, Figure 16. Following sulfonation, all the sample fibers exhibited a repeating pattern
of swollen nodes along the length of the fiber, which has previously been acknowledged and
referred to as kink bands [111]. As tension increased, the frequency and amplitude of the nodes
decreased significantly. The microfibrillar structure of the UHMWPE is apparent in all the samples
and accentuated by separations between the microfibrils occurring frequently along the length of
the fiber [11]. The size and frequency of the separations is less for the 10 MPa stressed sulfonated
fibers than the other samples. In all cases, evidence of crosslinking between microfibrils can be
observed within these separations. It can also be seen in all cases that the microfibrils of the
sulfonated fibers are swollen compared to the precursor fiber due to the uptake of sulfur. These

microfibrils then remain swollen after carbonization.
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Figure 16. a) SEM images of the UHMWPE precursor, SEM of stabilized fibers sulfonated with b) 0.1
MPa, d) 1 MPa, and f) 10 MPa tensile stress, and SEM of the carbonized fibers that had been sulfonated
with (c) 0.1 MPa, (e) 1.0 MPa, and (g) 10 MPa tensile stress. The scalebar shown applies to subfigures.

3.3. Microstructural Evolution

Raman spectroscopy and X-ray diffraction (XRD) were used to probe the microstructural
evolution of the fibers after each step of the conversion process. The Raman spectra of each
sulfonated and carbonized sample is shown in Figure 17. Despite the clear relationship between
increasing tension and improving fiber morphology, no such relationship was evident in the Raman

spectra; The spectra for all three sulfonated fiber samples were nearly identical, Figure 17a, as
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were the Raman spectra of the three carbonized fiber samples, Figure 17b. Peak deconvolution
was employed to understand the relevant microstructural features of the fibers at each stage of
conversion. The Raman spectra for the sulfonated fibers feature the characteristic peaks of the
aromatic ring breathing mode (near 1400 cm™) and carbon double bond stretching mode (near
1600 cm™) commonly reported in literature, which indicate the development of polyaromatic
structures and crosslinking [148]. A third, minor peak may be present near 1150 cm™, which is
hypothesized to be associated with stretching modes of remaining sulfonic acid functional groups
in the resulting polyaromatic structure [149]. This may explain the long tail on the ring-breathing
mode peak present in the Raman spectra shown in Figure 17 and many other Raman spectra of
sulfonation-stabilized PE, see [115,148,150,151]. The presence of sulfonic acid groups is a result
of the abstraction of hydrogen atoms from the polymer chain by the sulfuric acid and subsequent
addition of sulfonic groups onto the polymer chain. This peak is relatively small because these
sulfonic acid groups are cyclically eliminated above 120°C thereby crosslinking adjacent polymer
chains [108,115].

A four-peak fit was applied to a representative spectrum for the carbon fibers derived from 10
MPa tension-sulfonated UHMWPE. The fit peaks are a mixture of Lorentzian and Gaussian curves
consistent with the work of Vautard et al. [152], and the peaks are assigned according to the
nomenclature set forth by Brubaker et al. [153] wherein the peaks at 1180 cm™, 1350 cm™, 1519
cm?, and 1603 cm™ are assigned as the D4, D1, D3, and G peaks respectively. The D1 and G
peaks are well established in the study of carbonaceous materials. The G peak arises from the
presence of sp? carbon bonds and the D1 peak is associated with disorder or defects in the graphitic
lattice [154,155]. The D3 peak indicates the presence of amorphous carbon content [156,157], and

the D4 peak is associated with the presence of aliphatic moieties in the lattice [157,158], referred
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to as the C-H peak by Vautard et al [152]. The conspicuous absence of a D2, or D’, peak is
explained by the high disorder present in the fibers as indicated by the D1 peak [153,159]. The
magnitude of the D1, D3, and D4 peaks suggests that these carbon fibers are highly amorphous

with a high rate of lattice disorder.
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Figure 17. Raman spectra of a) sulfonated fibers at each applied tension level, and b) carbon fibers made

from sulfonated fibers at each applied tension level. Peak deconvolution was used to identify the relevant

microstructural features of a representative c) Raman spectra of a sulfonated fiber with 10 MPa applied
tension and d) carbon fiber derived from a fiber sulfonated with 10 MPa applied tension

XRD was used to observe the microstructural evolution from precursor fibers to carbon fibers
and to examine the properties of the turbostratic carbon crystallites present in the carbon fibers.
These properties include interplanar spacing (dooz), crystallite dimensions (L. and La|), and the

degree of orientation of the crystallites as shown by the half width at half maximum (HWHM) of
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the (002) peak intensity across an azimuthal scan (Zoo2) and corresponding Herman’s orientation
factor (foo2). These dimensions are schematically represented in Figure 18a,b, with a representative

1D XRD line integration shown in Figure 18c.
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Figure 18. a) Schematic of a carbon fiber featuring the coordinate system used to describe the X-ray
diffraction directions and planar stacks exemplifying the diversity of crystallite dimensions and orientations
that may be present in the fiber. b) A schematic definition of the crystallite dimensions measured via XRD
in this work. ¢) XRD line integration in the fiber equatorial direction of carbon fibers derived from
UHMWPE sulfonation-stabilized under 10 MPa tensile stress
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The carbon fiber samples exhibit significant scattering at low 26 angles, Figure 19a,b, which
is indicative of a significant presence of amorphous content and single-layer crystallites [146].
Nonetheless, no background subtraction was performed prior to quantitative analysis of the carbon
fiber scattering patterns in the interest of a true comparison. Bragg’s law was used to calculate the
interplanar spacing, doo2, as shown in equation 2.1,
nA = 2dyg, Sin(Byp2) (2.1)
where A is the wavelength of the incident X-rays, n is the diffraction order, and 6002 is the (002)

peak position.
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Figure 19. XRD line integrations relative to the fiber equatorial direction for a) precursor, sulfonated,
and carbon fibers, b) XRD line integrations relative to the fiber equatorial direction and normalized to
the (002) peak for carbon fibers derived from UHMWPE sulfonated under 0.1 MPa, 1.0 MPa, and 10
MPa, c) 2D XRD scan of carbon fiber derived from UHMWPE sulfonation stabilized under 10 MPa
tensile stress showing the azimuthal intensity distribution scan centerline in red and position of 0° ¢. d)
XRD line integrations relative to the fiber meridional direction and normalized to the (10) peak for
carbon fibers derived from UHMWPE sulfonated under 0.1 MPa, 1.0 MPa, and 10 MPa

The crystallite dimensions were calculated using the Scherrer equation, as shown in equation 2.2.

L= ka Lyj=—tt 2.2)

¢ FWHMgq>2 COS(eooz) ! a" - FWHM; COS(elo)

L. is the dimension perpendicular to the graphite planes, often referred to as the stacking height,
and La| is the dimension along the graphite plane parallel to the fiber axis, Figure 18. FWHMoo2
is the full width at half maximum of the (002) peak from a line integration in the fiber equatorial
direction, and FWHMJyg is the full width at half maximum of the (10) peak from a line integration

in the fiber meridional direction. Peak-fitting methodologies were found to be very inaccurate for
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analysis of the (002) and (10) peaks [145,146,160]. Therefore, a simple ruler technique was applied
to find the FWHM of the (002) and (10) peaks [161]. For very small crystallites, strong deviations
from quoted values of the shape factor, k = 0.89 (002) and k = 1.84 (10), have been seen. Given
this information, k was assumed to be unity for the (002) and (10) peaks. The average orientation
of the graphite crystallites relative to the fiber axis can be expressed as the HWHM of the azimuthal
intensity distribution at the (002) position, Zooz, and is also commonly represented by the
orientation parameter, {(cos?(¢)), equation 2.3, and Herman’s orientation factor, foo2, equation 2.4,

[48,162]. This azimuthal intensity distribution can be seen in Figure 19c.

f:/z 1(¢)cos?(¢) sin(¢p)d¢p

(cos?(¢)) = *—=
/2 1() sin(¢)dgp

(2.3)

fooz = 5 (3(cos?(#)) — 1) (2.4)

The crystallite dimensions, L and La|, both increased with increasing sulfonation tension. The
crystallite dimensions and orientation relative to the fiber axis increased significantly with
increasing sulfonation tension while crystallite interplanar spacing remained constant, Figure 20.
The crystallite orientation is low relative to commercial PAN and pitch-derived carbon fibers
[163], but it has been noted that this orientation can be significantly improved with increasing
carbonization temperatures [118,164]. Furthermore, the crystallite dimensions are consistent with
the results achieved by Barton et al. [118] carbonizing LLDPE at the same temperature applied in
this study (1000 °C). In their work, these dimensions increased significantly at higher temperatures
with boron catalyzation. Mechanical force is commonly applied during processing of PAN-based
carbon fibers and is well-known to help align the polymer chains during thermal treatments. This
effect is evident here with the increasing of crystallite dimensions and increased orientation with

increasing applied tension [165].
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Figure 20. Comparison of crystallite dimensions, a) dooz, C) Lc, and e) Laj, and orientation relative to the
fiber axis as represented by b) Zooz, d) <cos?(¢p)>, and f) Herman's orientation factor, foo

3.4. Carbon Fiber Mechanical Properties

Single-filament tensile testing showed a significant improvement in carbon fiber mechanical
properties with increasing sulfonation tension. The fibers sulfonated with 0.1 MPa tensile stress
were too fragile to be tensile tested, and the average mechanical properties of the carbon fibers

derived from fibers sulfonated with 1.0 MPa and 10 MPa tensile stress are shown in Table 2.
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Table 2. Mechanical properties and their respective coefficient of variance (COV) of carbon fibers
derived from UHMWPE fibers sulfonated under different amounts of tensile stress. The carbon fibers
from UHMWPE sulfonated under 0.1 MPa tensile stress could not be tested

Average Strength Average Modulus Average Strain
Sulfonation Tension  (MPa)  COV (%) (GPa) COV (%) (%) COV (%)
1.0 MPa 115.25 50 37.84 45 0.36 26
10 MPa 257.35 47 52.26 22 0.53 29

Increasing tension from 1.0 MPa to 10 MPa resulted in a 123.3% increase in average tensile
strength, 38.1% increase in average tensile modulus, and 47.2% increase in average strain to
failure. The greatest mechanical properties were measured to be 469.5 MPa tensile strength, 62.8
GPa tensile modulus, and strain at failure of 0.76% from a carbon fiber derived from UHMWPE
sulfonated under 10 MPa tensile stress. All the samples exhibited high variance in the measured
properties, but the variance declined significantly with increasing tension. In many cases, two or
more adjacent fibers fused together during sulfonation resulting in complex cross-sectional

geometries with internal voids and cracks at the intersections of the original fibers, Figure 21.

Figure 21. SEM images of tensile fracture surfaces from carbon fibers derived from UHMWPE sulfonated
under 10 MPa tensile stress exemplifying the variety of cross-sectional shapes and sizes present in the
sample. Scale bar applies to all images in this figure
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Furthermore, the axial striations in the fiber surface resulting from the precursor microfibrils,
combined with the kink banding induced during sulfonation, results in surface defects that range
from tens of nanometers to greater than one micrometer in depth. Much like earlier carbon fibers,
these fibers are strength-limited due to these large surface flaws [106,166]. The fracture surfaces
of the fibers largely lack the granular texture common of high-modulus carbon fibers [167], which
reinforces the Raman and XRD results indicating a highly amorphous microstructure.

Although faint mist and hackle region textures emanate from the fracture critical flaw in some
of the tensile sample fracture surfaces, Figure 22, most of the fracture surfaces lack a clear
indication of the crack initiation point and the brittle fracture features, Figure 21, that would be
used to calculate the fracture toughness of these fibers [168]. However, the potential strength of

these fibers can be estimated for different critical flaw sizes using the Griffith-lrwin relation,

o = |= (2.5)

na

where oy is the tensile strength at fracture, E is the measured modulus, a is the critical flaw
size, and G is the total fracture energy, which is the sum of the surface energy, v, and energy
dissipation due to plastic deformation, G, as shown in equation 2.6,
G=2y+G, (2.6)
The surface energy of the carbon fibers (y.r) can be estimated via equation 2.7,
2¥er = 2y6 5 (cos () @7
where y,; is the thermodynamic surface energy for a lateral surface of a graphite crystal (4.8

JIm? [169]), pcr is the density of the sample carbon fibers, pg is the density of a graphite crystal

(2.265 x 10° kg/m® [170]), and (cos (¢)) is the average cosine of the crystallite orientation, ¢,
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which was determined via XRD. The density of the carbon fibers is assumed to be 1.8 x 10% kg/m®

[41,168].

Figure 22. SEM image of carbon fiber tensile fracture surface (10 MPa sulfonated) with an a) 641 nm
critical flaw and featuring brittle fracture features highlighted by their respective fronts: b) mirror
region, ¢) mist region, and d) hackle region

Although the fracture surfaces from the single fiber tensile tests indicate some amount of
plastic deformation during fracture, the plastic deformation energy dissipation was neglected to
establish a lower bound of the predicted ultimate tensile strength. This Griffith-Irwin relation was
applied across critical flaw lengths ranging from 10 nm to 1 um to estimate the potential ultimate
strength of the fibers developed in this work. This range spans the large flaws observed in the test
specimens, for example Figure 23a, down to the small flaws found in modern commercial carbon
fibers, which are commonly less than 50 nm [171]. This analysis shows that the carbon fibers
derived from UHMWPE sulfonation stabilized under 10 MPa tensile stress could achieve an
ultimate tensile strength of 3.31 GPa with a critical flaw size of 10 nm. Furthermore, it

demonstrates that the benefits of increased tension are amplified with decreasing flaw size; the
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carbon fibers derived from UHMWPE sulfonation stabilized under 1.0 MPa tensile stress would
achieve a significantly lower tensile strength at failure of 2.77 GPa at the same critical flaw size.
The predicted strength at a critical flaw size of 1 um also correlates well with the observed failure
tensile strengths, which confirms the presence of 1 um and greater critical flaws in the fibers.

A critical first step to improving the magnitude and consistency of the mechanical properties
is preventing the fusion of adjacent fibers during the stabilization process, which may be achieved
during a continuous tow sulfonation stabilization process by employing tow spreaders to separate
the filaments. Next, the large voids induced by microfibril splitting and contraction must be
reduced in size and frequency. Finite element analysis was employed to simulate the stress
concentration of a conical surface flaw in the fiber as a proxy to the flaw shown in Figure 23a. The
relative stress increase across the fiber diameter approaching the flaw is shown in Figure 23c,d
and demonstrates the significance of such stress concentrations. Finally, the conversion methods
and parameters must be optimized for greater graphitic structure growth to achieve high tensile
modulus in tandem with high tensile strength. This has been accomplished for LLDPE by
increasing the carbonization temperature and the use of boron as a crosslinking catalyst, which
resulted in significantly improved mechanical properties [118].

Although the tensile properties of the UHMWPE-derived carbon fibers produced in this study
are not competitive with commercial-grade, PAN-derived carbon fibers, they are competitive with
the tensile properties of activated carbon fibers [172]. It is estimated that several 10,000s of tons
of UHMWPE fiber are produced annually [173], and the limited ability to melt-process it makes
conventional recycling nearly impossible. The results of this work present an opportunity to
upcycle this waste into activated carbon fibers, which have garnered increasing attention in the

past several years thanks to their wide spanning applications from air and water purification to
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supercapacitors [174]. The axially striated macro and micro texture of these carbon fibers may
offer the high surface area that is characteristic of highly effective activated carbon fibers. Future

studies on the surface area and adsorption capacity of these carbon fibers will unveil their potential
as activated carbon fibers.
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Figure 23. a) SEM of a carbon fiber derived from UHMWPE sulfonation-stabilized under 10 MPa tensile
stress with magnified view of large fiber defect, b) predicted fiber tensile strength relative to critical flaw
size per Griffith-Irwin relation, c) normalized stress across fiber diameter approaching conical flaw as
determined via finite element analysis and with CAD geometry underlaid for reference, d) schematic of
tensile finite element analysis setup of fiber with conical flaw

4. Conclusion

In this work, carbon fibers were produced from commercially available UHMWPE fibers

sulfonation-stabilized under various tensile loads to examine its effect on the fibers” morphology,
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microstructural evolution, and mechanical properties. Increasing the tension applied during
sulfonation significantly reduced the amplitude and frequency of kink bands in the sulfonated and
carbonized fibers and reduced the amount and rate of axial shrinkage of the fibers. Increasing
sulfonation tension did not affect the Raman response of the fibers, but Raman spectroscopy
revealed that the fibers were highly amorphous with a significant amount of lattice disorder. XRD
corroborated this finding by exhibiting a large response of single layer and amorphous content in
all the carbon fiber samples. XRD also showed that the crystallite dimensions and orientation
relative to the fiber axis increased significantly when tension was increased from 0.1 MPa to 10
MPa. The improvements in morphology and crystallite properties culminated in increased
mechanical performance for the resulting carbon fibers. Carbon fibers produced with a sulfonation
tensile stress of 0.1 MPa were too fragile for tensile testing, whereas carbon fibers from a
sulfonation tensile stress of 10 MPa exhibited a maximum tensile strength of 469.5 MPa, modulus
of 62.8 GPa, and strain at failure of 0.76%. This work shows that maximizing tension applied
during the sulfonation of UHMWHPE fibers can significantly improve the morphology,
microstructure, and properties of the resulting carbon fibers. Increasing the performance of carbon
fibers derived from these UHMWPE precursors may be achieved by preventing the fusion of
adjacent fibers during stabilization to reduce the occurrence of surface and internal flaws, further
reducing the occurrence of surface flaws induced by microfibril separation and contraction and
increasing the crystallite orientation and size of the fibers. If the critical flaw size can be reduced
to the scale of those found in modern commercial carbon fibers (10 nm or less), these fibers may
exhibit tensile strengths up to 3.31 GPa based on the Griffith-lrwin relation. Graphitizing the fibers
may then result in high modulus and high strength fibers, but it must be acknowledged that a

remaining challenge will be the high cost of UHMWPE precursor fibers compared to PAN and
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lower molecular weight polyethylene. However, the high surface area exhibited by the fibers’
surface morphology may make these fibers highly effective activated carbon fibers. Converting
end-of-life UHMWPE fibers into activated carbon fibers could reduce tens of thousands of tons of
plastic waste from landfills thereby extending the lifecycle of UHMWPE and purifying our water

and air at the same time.
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Chapter 3. UHMWPE Micro-Ribbon Fibers Gel Spun Using
Orange Terpenes

1. Introduction

Although initial studies of orange terpenes as an alternative spin-solvent for UHMWPE gel
spinning showed promise, a fuller picture of the microstructure and mechanical properties of these
fibers is needed to assess its true potential. This work aims to fill this gap in the understanding of
the physical, microstructural, and tensile properties of UHMWPE fibers spun using orange
terpenes as the solvent. UHMWRPE fibers were spun using orange terpenes and hot drawn at a ratio
of 5:1. The as-spun and drawn fibers’ morphology were then evaluated via optical and scanning
electron microscopy, thermal properties and crystallinity via differential scanning calorimetry,

crystallite properties via X-ray diffraction, and tensile properties via single filament tensile testing.

2. Experimental Methods
2.1. Lab-Scale Gel Spinning System

A custom gel spinning line was designed using Solidworks computer aided design (CAD)
software featuring a Harvard Apparatus PhD 2000 syringe pump mounted vertically on a custom
frame with a vertically translating sled so that the extruder could be positioned over top of a
coagulation bath with adjustable height to control the air quench length. Custom positionable
Teflon rollers were designed and fabricated to guide the extrudate through the coagulation bath,
and a custom takeup winder was designed and fabricated to collect the spun fibers. Several nozzles
were fabricated from stainless steel o-ring boss plugs featuring orifice diameters ranging from
1100 um down to 200 um. The ratio of the orifice diameter to orifice channel length was set at 2:1
for all nozzles. A CAD rendering of the assembly and cross-sectional view of a nozzle is shown

in Figure 24.
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Figure 24. CAD rendering of the custom gel spinning line including a) syringe pump on vertical sled for
height adjustment, b) stainless steel syringe, ¢) band heater controlled by d) a Tempco temperature
controller, e) positionable guide rollers for fiber transfer through the coagulation bath, ) a stainless steel
tank for the coagulation bath, g) Arduino-controlled, stepper motor-driven takeup winder mounted on a
lab jack for 4-degrees of positional freedom, and h) a custom stainless steel nozzle turned from an o-ring
boss plug. The nozzle features a 250 «m diameter orifice and 500 «m channel length

2.2. Materials

UHMWPE powder with an average molecular weight of 3M-6M g/mol was used as the
feedstock, and food-grade orange terpenes were used as the solvent. 2,6-Di-tert-butyl-4-
methylphenol was used as an antioxidant. All materials were purchased from Sigma-Aldrich and
used without further purification. Orange terpenes is a conglomeration of terpenes and
sesquiterpenes extracted from orange peels and is composed of 90-95% limonene, a terpene bio-

solvent commonly used in industrial processes and cleaning products [175,176]. Dyneema SK60
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UHMWPE fibers were characterized as delivered from the manufacturer in select methods to

provide context for the properties of commercially produced UHMWPE fibers.

2.3. Sample Preparation

2.3.1. Dissolution of UHMWPE in Orange Terpenes

The UHMWPE-orange terpenes solution was formed by preheating a solution of orange
terpenes and 2,6-di-tert-butyl-4-methylphenol above the melting temperature of UHMWPE then
adding the polymer to the heated solution under stirring. The UHMWPE concentration was 3 wt%
of the total solution and the antioxidant concentration was 0.15 wt% of the total solution. The
polymer concentration was selected based on preliminary spinning trials through which it was
found that consistent and continuous spinning could be achieved at 3 wt% UHMWRPE. This
concentration is consistent with previously published results and commercial production processes
[91]. In preliminary trials, it was found that this antioxidant concentration prevented yellowing of
the solution during heating in the extruder barrel, which indicates sufficient prevention of

oxidation. The mixture was heated and stirred until the UHMWPE completely dissolved.

2.3.2. Fiber Spinning

Upon formation, the polymer solution was immediately transferred to the barrel of the extruder,
which was preheated to 130°C, and allowed to equilibrate in the barrel for five minutes. Following
equilibration, the syringe piston was inserted, and the air in the syringe was evacuated. The
spinning nozzle was installed, and the solution was allowed to equilibrate once again for five
minutes before beginning extrusion. The nozzle orifice is round with a nominal diameter of 250
um and length of approximately 500 um. The barrel temperature was set to 130°C for extrusion,
and the syringe pump was set to extrude at a rate of 0.07 mL/min. The extruded filament descended

a 10 cm air gap into a deionized water coagulation bath at ambient temperature. The fiber was
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immersed in this bath for approximately 68 cm before being taken up onto a spool at a rate of 2.5
m/min. The collected fibers were retained on the spool while the solvent remaining in the fibers
evaporated in ambient air for no less than 12 hours. Thermogravimetric analysis (TGA) was used
to verify that the orange terpenes, boiling point 178°C, was completely extracted. A 7.5 mg sample
of the as-spun fibers was heated to 190°C at 10°C/min followed by a 30 minute hold in a pierced-

lid aluminum pan with no measurable weight loss.

2.3.3. Fiber Drawing

The fibers were drawn by transferring the fiber from a driven payout spool, across the surface
of a heated, polished aluminum plate and onto a takeup spool. The fiber draw ratio is defined as
the ratio of the takeup speed to the payout speed. The hot plate surface temperature was set to
130°C, and the draw ratio was set to 5:1 for consistency with previous works using orange terpenes

as the spin solvent [89].

2.4. Characterization Methods

2.4.1. Morphological Analysis

The shape and surface of the fibers were observed via optical microscopy and scanning electron
microscopy (SEM). Optical microscopy was conducted using a Hirox RH-8800 digital microscope
(700x — 1000x magnification), and SEM was conducted using an FEI Quanta 650. All samples

were sputter coated with gold using a Cressington sputter coater to prevent charging during SEM.

2.4.2. Thermal Properties

A Netzsch STA 449 F1 Jupiter Simultaneous Thermal Analyzer was used to conduct TGA and
differential scanning calorimetry (DSC) of the samples. At least 5 mg of the fibers per sample were
cut into short strands, pressed into an aluminum crucible, and sealed with a cold weld crimped lid

to ensure contact between the sample and the crucible bottom. A two-cycle heating routine was
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applied to observe the effect of spinning and drawing then observe the behavior of the material
after the thermal history is erased. The samples were heated to 180°C and cooled twice with a

directed heating and cooling rate of 10°C/min.

2.4.3. Microstructural Analysis

The orientation, crystallite sizes, and overall crystallinity of the fibers were acquired via wide
angle X-ray scattering (WAXS) on a Bruker D8 Venture in Debye-Scherrer configuration (fiber
axis orthogonal to beam and detector). The fibers were illuminated with monochromated (Helios™
monochromator, multilayer optics) Cu-Ka radiation (A=0.154184 nm) and diffraction patterns
were collected with a Photon 111 2D detector. Orientation of the fibers was determined by analysis
of the azimuthal intensity along the (110) orthorhombic peak using Herman’s orientation factor

(HOF), as shown in Equations 3.1 and 3.2 [177].

2,) —
HOF:M (3.1)
2
/2 .
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To obtain 1D patterns, the 2D frames were integrated over a 90° azimuthal region for
determination of the crystallite sizes and overall crystallinity. The crystallite sizes, Lnq, and d-
spacings, dna, of the orthorhombic phase, (110) and (200), were determined by applying the
Scherrer equation [178], Equation 3.3, and Bragg’s Law [179], Equation 3.4, respectively. In both
equations, 4 is the angle of the incident X-rays, and 6h is the relevant 20 peak position. In Equation
3.3, K is a shape factor assumed to be unity when it is not well-defined [180], and Sh is the full
width at half maximum of the peak of interest. In Equation 3.4, n is the diffraction order. Peak

fitting was done using LIPRAS software [181].
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Crystallinity was determined by taking the ratio of the crystalline peak areas from 10-35° 20
divided by the total area, which consists of amorphous and crystalline peak areas, Aa and Ac

respectively, Equation 3.5.

% crystallinity = * 100 (3.5)

c
A+ A4,

2.4.4. Mechanical Properties

The linear density of the fibers was measured according to ASTM standard D1577 whereby
single filaments were cut into 320 mm lengths and a bundle of these segments was weighed using
a Mettler-Toledo XSE205DU analytical balance for each sample. The linear density was then used
to evaluate the tensile properties of the fibers in accordance with ASTM standard D3822. An MTS
Nano Bionix Universal Testing Machine with a maximum load capacity of 500 mN and 150 mm
of extension was used to conduct single filament testing. A gauge length of 25 mm was selected
for this study, and at least 15 successful tests, as defined by the applied ASTM standard, were
recorded for each sample. The breaking tenacity (cN/dtex) is the fiber load at fracture divided by
the linear density of the fibers. The initial modulus was obtained by calculating the slope of the

initial linear region of the load-strain curve for each test.

3. Results and Discussion
3.1. Morphological Analysis

The fibers spun from UHMWPE-orange terpenes solution exhibited a flat, ribbon-like profile,
as shown in Figure 25, with an average width of 94 um and thickness of 11 um yielding an average

aspect ratio of 9.2:1.
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Figure 25. Optical microscope cross-sectional image of a) as-spun and b) drawn UHMWPE fibers
surrounded by round cross-section polyamide 6 (PA6) fibers with an average diameter 24 um that were
used as a mounting filler, and SEM images of twisted c) as-spun fiber and d) drawn fiber further
demonstrating the flat shape of the fibers, and SEM side view of €) as-spun fiber and f) drawn fiber
showing significant reduction in width

The drawing process significantly reduced the size of the fibers yielding an average width of
41 um and average thickness of 4 um. The average aspect ratio of the fibers remained
approximately the same after drawing at 9.5:1 indicating that the fibers reduced evenly in width
and thickness. The axial fibrillar structure characteristic of UHMWPE fibers is strongly present in
the as-spun fibers and slightly smoothed in the drawn fibers, Figure 25e,f. Some small defects
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were observed on the fiber surfaces, which may be attributed to imperfections in the spinning and
takeup hardware. This flat profile allows for strikingly compact stacking of the fibers as shown in
Figure 25a,b where the wide profile conforms to fill gaps unlike the round profile of the adjacent
polyamide-6 fibers. This effect may enable extremely high fiber volume fractions in composites
reinforced with UHMWPE fibers. Hot flattening of commercially-produced round UHMWPE
fibers was explored in 2016 to achieve this shape, but the physical deformation process resulted in
damage to the crystalline structure of the fibers and reduced mechanical properties [182].
Achieving micro-ribbon UHMWRPE fibers directly from spinning will remove this secondary step
thereby potentially retaining high mechanical properties. It is hypothesized that the round profile
of the fiber induced by the extrusion orifice deforms to flat after contact with the first roller of the
coagulation bath. Although the UHMWPE-orange terpenes solution gels rapidly after exiting the
extrusion die due to cooling in the ambient air, the solvent concentration remains high when the
fiber encounters the first roller in the spin line. The line tension from the take-up winder deforms
the gel fiber against this roller into a flat shape, and the subsequent quenching and partial solvent
extraction in the coagulation bath initiate solidification in this form. This may be indicative of
incomplete gelation at the fiber’s first interaction with the spin line roller, at which point the
polymer molecules have not formed sufficient crosslinks to prevent this deformation. Considering
the similarity between decalin and orange terpenes as volatile solvents, this hypothesis is supported
by the gelation/crystallization mechanisms put forth by Shi et al. [183] wherein gelation occurs
slowly and crystallization occurs later relative to paraffin oil-UHMWPE solutions. Understanding
the gelation and crystallization behavior of UHMWPE-orange terpenes is crucial to understanding
the formation of this morphology and the progression of lamellar crystal formation, and so it should

be a high priority for future studies of this method.
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3.2. Thermal Properties

The melting onset, melting peak, recrystallization peak, and remelting peak temperatures were
measured via DSC, Table 3. The peak melting temperature, Tmi1, of the as-spun and drawn fibers
were consistent with UHMWPE fibers spun from conventional solvents [11]. Consistent with
published literature, fiber drawing increased the melting temperature of the fibers due to increased
molecular order [16]. This effect is accentuated by the significantly higher melting temperature of
Dyneema SK60 fibers (150°C [184]), which benefit from much greater drawing. Each sample was
cooled and remelted to erase the thermal history induced by the fiber spinning and drawing
processes. The heat flow, and consequently the recrystallization temperature, Tc, were identical
for the first and second cooling cycles with respect to each sample, which confirms the erasure of
thermal history during the first melting. In both the as-spun and drawn fiber samples, the melting
temperature decreased by approximately 3°C upon remelting indicating that spinning and drawing
were each responsible for inducing molecular order. The recrystallization temperature of the
drawn fibers was 1.1°C higher than the as-spun fibers. Furthermore, the re-melting temperature,
Tmo, Of the drawn fibers was approximately the same as the initial melting temperature of the as-
spun fibers. This indicates that the drawing process induced an irreversible change to the polymer
microstructure, which was investigated in depth via DSC and WAXS.

Table 3. Melting onset temperature (Tmo), melting peak temperature (Tm1), recrystallization temperature
(Tc), and remelting peak temperature (Tm2) of the as-spun and drawn UHMWPE fibers spun using orange
terpenes with commercially-produced Dyneema SK60 fibers included for comparison

Tmo (°C) Tm1 (°C) Tc (°C) Tm2 (°C)
As-Spun 127.4 141.6 114.6 138.3
5:1 Drawn 130.1 144.4 115.7 141.1
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3.3. Fiber Microstructure

3.3.1. Crystallinity

The microstructural changes indicated by the changes in melting, crystallization, and re-
melting temperatures were probed analytically via DSC and WAXS. A quick and simple method
of assessing polymer bulk crystallinity is commonly made via DSC by comparing the melting
enthalpy of the sample (Ah,,,) with the melting enthalpy of a perfectly crystalline representation of

the material (Ah,), which is assumed to be 293 J/g for polyethylene [185], Equation 3.6.

Ah
Xdsc = —= (36)

Ah,,
The melting enthalpy and crystallinity as recorded by the first and second melts of the fiber samples
are shown in Table 4 with results from commercially produced Dyneema SK60 fibers included for

reference.

Table 4. Comparison of the melting enthalpy and calculated crystallinity of the sample fibers and
Dyneema SK60 reference fibers after the first and second melting cycles

Initial Melt Cycle Re-Melt Cycle
As-Spun  Drawn SK60 | As-Spun  Drawn SK60

Melting Enthalpy (J/g) 125.8 111.0 215.4 90.1 102.3 120.8

Crystallinity 42.6% 37.9% 73.5% 30.8% 34.9% 41.2%

It is not surprising that the fibers spun from orange terpenes possess significantly lower
crystallinity than their commercially-produced counterpart, Dyneema SK60, because the SK60
fibers undergo significantly more hot drawing [16]. However, the decline in crystallinity following
drawing was unexpected. This result was confirmed via WAXS and is discussed in more detail
below. Notably, the drawn fibers exhibited greater retention of crystallinity after recrystallization
than the as-spun fibers. The crystallinity of the as-spun fibers decreased by nearly 12% after the
first melt cycle whereas the drawn fibers’ crystallinity only decreased by 3%. This reflects the
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irreversible microstructural change indicated by the elevated re-melting temperature of the drawn
fibers with respect to the as-spun fibers. This change is also evident in the shape of the melting

endotherm of the drawn fibers, in which a secondary peak is evident near 155°C, Figure 26b.
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Figure 26. DSC plots of a) as-spun and b) drawn UHMWPE fibers spun using orange terpenes with
arrow indicating the melting endotherm deviation indicative of secondary melting peak related to solid-
state phase transition of orthorhombic crystals to pseudo-hexagonal

This secondary peak is ascribed to a solid-state phase transition from orthorhombic to a
metastable pseudo-hexagonal structure during heating, which is induced by the close proximity of
the polymer chains that results from the drawing process [131,186]. It has been shown that this
secondary peak is a consequence of constrained melting of the fibers, such as being constrained
by a crimped-lid DSC pan like those used in this study [23,187,188], which provides an additional
insight into the microstructure of the fibers. The as-spun fibers in this study were prepared for DSC
in the same way as the drawn fibers and exhibited no secondary peak. This may be the result of
folded-chain crystals that inhibit the formation of this hexagonal phase. These folded-chain
crystals are converted to extended-chain crystals during drawing [189], and these structures make

this solid-state phase transition to pseudo-hexagonal. This transformation in the higher-order
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crystal structure from folded-chain lamellae to extended chain crystals is also evident in the
increased peak melting temperature and broadening of the melting endotherm [190,191].

WAXS results confirmed the decline in crystallinity induced by drawing observed via DSC;
the crystallinity of the as-spun fibers was found to be 76.0% whereas the crystallinity of the drawn
fibers was 60.8%. The relationship between the experimental fibers and Dyneema SK60 was also
confirmed via WAXS; The crystallinity of the commercially-produced fibers was calculated to be
88.6%. It should be acknowledged that the WAXS-measured crystallinity is significantly higher
than that measured via DSC. However, the results of each method are consistent with other works
reporting the DSC-measured crystallinity of Dyneema SK60 [192] and WAXS-measured
crystallinity of experimental UHMWPE fibers [16,88]. This underestimation via DSC has been
reported before [190,193], and there are many factors, such as sample mass and heating rate, that
can affect DSC results [187,188,194]. This is why it is crucial to investigate crystallinity via several
techniques to provide a more complete picture [187,195].

Typically, UHMWPE fiber drawing increases crystallinity, which is ascribed to strain-induced
crystallization as amorphous chains align and compact transversely [16]. The reduction in
crystallinity from the as-spun fibers to the drawn fibers is likely the result of the drawing
temperature, 130°C, exceeding the melting onset temperature of the as-spun fibers, 127.4°C. It is
hypothesized that some of the fiber crystals, perhaps imperfect or small crystals, melt at this
drawing temperature [187,196], and the dislocation and reorientation of these molecules during
drawing inhibits the reformation of these crystals after cooling [23]. This partially molten state
also results in reduced deep entanglement and thus lower applied stress leading to less stress-
induced crystallization [197]. This effect has been shown in commercially-produced UHMWPE

fibers undergoing drawing at similar proximity to the melting temperature; the fibers reduced from
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92% to 83% crystallinity after drawing at 131.5°C [198]. A similar reduction in crystallinity was
observed in UHMWPE films formed at 160-180°C then drawn at a ratio of 12:1 at 150°C.
However, increasing the draw ratio beyond 20:1 ultimately resulted in increased crystallinity
[199,200]. It has been shown that UHMWPE fibers can be drawn at approximately 35:1 with a
drawing temperature of 135°C [201], so deeper drawing of the UHMWPE fibers spun from orange

terpenes and drawn at 130°C may be possible thereby increasing crystallinity.

3.3.2. Crystallite Size and Orientation

Beyond bulk crystallinity, WAXS revealed information about the nature of the crystallites in
the fiber. The primary orthorhombic peaks, (110) and (200) located at 21.2° and 23.6° 26, are
strongly present in the fibers while the monoclinic peak, (010) located at 19.6° 26, is largely
masked by the amorphous response at low 26, Figure 27a. This amorphous response is visibly
greater in the drawn fibers compared to the as-spun fibers. Peak deconvolution was employed to
determine the peaks’ full width at half maximum (FWHM) and area, which were then used to
determine the concentration of each crystalline phase and the crystallites’ lateral size and d-
spacing. Orthorhombic crystallites accounted for 94.5% of the crystalline content of the as-spun
fibers and the remainder was monoclinic crystallites. After drawing, the orthorhombic crystallites
decreased to 89.2% of the crystallinity of the fibers, and the monoclinic content increased to
10.8%. This increase in monoclinic phase content is consistent with other hot-drawn UHMWPE
fibers that exhibited reduced crystallinity [198]. The nature of the orthorhombic crystallites is of
particular interest because they are the primary contributor to the mechanical properties of
UHMWPE [16]. Notably, the crystallite size perpendicular to the (110) plane of the orthorhombic
phase increased slightly from 13.1 nm to 13.4 nm after drawing, while the crystallite size

perpendicular to the (200) reflection decreased from 12.3 nm to 11.6 nm. The lateral size of these
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crystallites and d-spacing are consistent with those of commercially spun UHMWPE fibers [202].
The (200), (110), and (010) reflections are interpreted to be the dimensions of crystalline
microfibrils perpendicular to the fiber axis and have been shown to increase with increasing draw
ratio [203,204]. This is well exemplified by the significantly larger dimensions exhibited by
Dyneema SK60 fibers, Table 5. The limited growth and even decrease in these dimensions in the
experimental fibers correlates with the crystallite melting and destruction indicated via DSC and
WAXS. However, the anisotropic change in crystallite dimensions of the fibers produced for this
study is unique. It is unclear if this is an artifact of the large reorientation of the crystal structures
from the as-spun to drawn states moving the crystals into or out of Bragg condition [205], an aspect
of the anisotropic fiber morphology, or a consequence drawing parameters. Further study via small
angle X-ray scattering (SAXS) and nuclear magnetic resonance spectroscopy (NMR) will provide
insight into crystalline dimensions inaccessible via WAXS, which may resolve this open question.
In all crystallites, the d-spacing was effectively unchanged by drawing as was the size of the
monoclinic crystallites (4.7 nm). The crystallite size and d-spacing for each crystallographic plane
is shown in Table 5.

Table 5. Crystallite sizes (Ln), d-spacing (dnw), and Herman'’s orientation factor (HOF) for as-spun and
drawn fibers produced in this study as well as commercially-produced Dyneema SK60 fibers for context

Loio L110 L 200 do1o di10 d200 HOE

(nm) (nm) (nm) (nm) (nm) (hm)
As-Spun 4.73 13.12 12.31 0.45 0.42 0.38 0.55
5:1 Drawn 4.73 13.42 11.62 0.46 0.42 0.38 0.88
SK60 5.33 15.77 12.98 0.46 0.41 0.37 0.86

As expected for fiber drawing, the crystallite orientation significantly increased with drawing,
which is crucial to the development of high mechanical properties [16,192]. The Herman’s

orientation factor increased by 60% from 0.55 for the as-spun fibers to 0.88 for the drawn fibers.
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The degree of orientation of the drawn fibers is consistent with fibers spun from other alternative
solvents and drawn, such as polybutene [22]. The orientation of the drawn fibers created in this
study are approximately that of Dyneema SK60, Table 5, which is unsurprising considering the
high rate of increase of alignment induced at low draw ratios that then plateaus at greater draw
ratios [16]. This increase in orientation is dramatically apparent in the clarification of the 26 peaks
from circular bands in the as-spun fibers to nearly points in the drawn fibers as shown in the 2D

WAXS plot, Figure 27b,c.
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Figure 27. a) 1D WAXS pattern for as-spun and drawn fibers showing the positions of the orthorhombic
peak, (110) and (200), and 2D WAXS plots for the b) as-spun and c) drawn fibers

3.4. Tensile Properties

The linear density of the as-spun and drawn fibers was determined to be 12.0 dtex and 1.6 dtex

respectively, which aligns with the change in cross-section size observed via SEM. The drawing
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process resulted in significant increases in breaking tenacity (+511%) and modulus (+986%), as
well as a corresponding decline in strain at break (-1736%), Table 6. The coefficient of variation
(COV) of each property sharply declined after drawing, which indicates that the drawing process
significantly reduced variability in the fiber micro- and macro-structure. This is visibly evident in
the smoother surface of the drawn fibers via SEM in Figure 25, and may also be the result of the
drawing process resolving internal defects trapped during the crystallization of the gel fiber after

extrusion [204].

Table 6. Summary of mean mechanical properties + standard error with corresponding COV of the as-
spun and drawn samples from a minimum of fifteen valid single-filament tensile tests

Initial Modulus Breaking Tenacity Strain at Break
cN/dtex COV (%) cN/dtex COV (%) % COV (%)
As-Spun 21.1+1.72 22.3 1.41 £ 0.04 10.6 202 +21 40
Drawn 229.2+24 4.3 8.62 + 0.06 3.0 11 +0.52 18.7

The mechanical properties of the as-spun fibers are comparable to the highest properties
previously published for UHMWPE fibers spun using orange terpenes, and the tenacity of the
drawn fibers in this work is 4x greater [89]. Although these fibers fall short of the mechanical
properties offered by UHMWPE fibers produced industrially using conventional solvents, their
properties closely follow a trend of exponentially increasing mechanical properties with decreasing
strain-to-failure, Figure 28. The fibers produced in this study possess a significantly higher strain
to failure compared to Dyneema SKG60 fibers, which is a result of the significantly higher non-
crystalline content enabling greater deformation before internal stresses rise to the point of crystal
shear and failure [192,206]. Failure occurs at lower tenacity due to the significantly lower
crystalline content reducing the bulk load carrying capacity. This inverse relationship is well

exemplified in Smith and Lemstra’s [20] early UHMWPE drawing experiments with samples
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ranging from as-spun fibers to a draw ratio of 31.7:1. The fibers produced in the present study
perform similarly to the Smith and Lemstra [20] fibers at similar draw levels, which approach the
tenacity of Dyneema SK60 at the highest draw ratio, Figure 28. Other works demonstrating
alternative solvents, such as polybutene (Fang et al. [22]), or pre-swelling using decalin and olive
oil (Wang et al. [88]), have also achieved properties akin to Dyneema SK60 with total draw ratios
of 120:1 and 40:1 respectively, Figure 28. Therefore, orange terpenes-spun UHMWPE fibers
demonstrate strong potential for development into high-performance fibers competitive with those
currently on the market if the extended chain crystalline content and molecular alignment can be

further improved.
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Figure 28. Comparison of tenacity and strain-at-failure of fibers produced in this study with
commercially produced Dyneema SK60 fibers and selected results published in literature

Parametric optimization of the fiber drawing process is a logical first step to improving the
mechanical properties based on the results of this work. The decrease in fiber crystallinity due to
the drawing temperature exceeding the melting onset temperature of the as-spun fibers should be
rectified first by tuning the drawing temperature to promote crystallite growth rather than
degradation. It is well understood that increasing draw ratio significantly increases mechanical

properties [16], and with an optimized drawing temperature the upper limit of drawability can be
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explored. While it has been shown that draw ratio can be increased with increasing drawing
temperature, up to 40:1 at 143°C [201], the optimum temperature is strain rate sensitive and can
be much lower [196]. Furthermore, the exceptional mechanical properties of commercially-
produced UHMWPE fibers are achieved by applying multiple drawing stages to achieve high
crystallinity and molecular alignment [139]. The increase in melting temperature after drawing can
be leveraged to increase the drawing temperature thereby increasing draw ratio for subsequent
drawing stages. For example, Xu et al. [189] found that crystallite orientation increased to nearly
perfect alignment with a HOF of 0.99 following a two-stage hot drawing with an initial drawing
temperature of 120°C and second-stage drawing temperature of 130°C using industrial hot drawing
equipment. Processing aids, such as supercritical carbon dioxide, can be employed to improve the
drawing process as well [207].

Further optimization can be achieved by investigating the characteristics of UHMWPE-orange
terpenes gelation and the spinning process parameters. It has been shown that the gelation and
crystallization mechanisms vary significantly between the two leading solvents for UHMWPE gel
spinning, decalin and paraffin, resulting in significantly different maximum draw ratios [183].
Rheological analysis, light scattering, and SAXS in addition to the methods used in this work will
elucidate these mechanisms for UHMWPE-orange terpenes. The draw-down of the gel fiber after
extrusion prior to solvent removal also affects the solid-state drawability of the fibers by inducing
molecular disentanglement. It was found that an optimal draw-down ratio exists for UHMWPE-
decalin gel fibers to maximize solid-fiber mechanical properties [208,209], and the same
relationship should be explored for UHMWPE-orange terpenes. Furthermore, the strain rate
applied during gel spinning using decalin affects the crystallization kinetics and crystalline

structure of the as-spun fiber, which vary as a function of the relationship between the strain rate
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and polymer solution relaxation time, referred to as Wi. Increasing Wi increased crystallization
kinetics and induced the formation of straight chain crystals as opposed to isotropic lamellae.
Crystalline structure development during post-spin drawing was affected by the strain-rate induced
crystal structure as a function of draw ratio, and it was found that longer straight chain crystals
formed during drawing of fibers spun at low Wi [210]. The effect of these microstructural
relationships on the drawability and consequent mechanical properties of the fibers was left an
open question, but the potential for optimization is apparent nonetheless. While crystallite
dimensions and bulk crystallinity were explored in the present work, the higher-order crystalline
structure of the as-spun and drawn fibers, such as the shish-kebab and microfibril structures that
can be captured via NMR, SAXS, atomic force microscopy, will be a crucial element of conducting

any of these investigations [203,204,211].

4. Conclusion

Orange terpenes were successfully used as a solvent for UHMWPE fiber gel spinning, and the
resulting fibers were hot-drawn to reduce the size of the fibers and improve molecular alignment.
The morphological, thermal, microstructural, and mechanical properties of the as-spun and drawn
fibers were analyzed. The fibers exhibited a flat, micro-ribbon profile and the drawing process
resulted in a significant reduction in fiber dimensions and linear density without affecting the
aspect ratio of the fibers, which was measured to be 9.2:1 as-spun and 9.5:1 after drawing.

The thermal characteristics of the fibers are consistent with other UHMWPE fibers, and the
drawing process increased the melting and crystallization temperatures by 2.8°C and 1.1°C
respectively. Each sample was heated twice to unveil the effect of the spinning and drawing
processes by erasing thermal history in the samples. The re-melting temperature of the drawn fibers

remained higher than that of the as-spun fibers indicating that a permanent microstructural change,
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potentially the formation of extended chain crystals from folded-chain crystals, was induced during
drawing.

The microstructure of the fibers was assessed analytically via DSC and WAXS. The
crystallinity of the fibers decreased due to the hot drawing temperature exceeding the melting onset
temperature, but the crystallite alignment increased by 60% to a HOF of 0.88. The orthorhombic
crystalline phase dominated the crystalline composition in as-spun and drawn forms, but the
monoclinic phase content increased from 5.5% to 10.8% after drawing. Despite the reduction in
crystallinity and increase in monoclinic crystallites, the increased molecular order resulted in a
511% increase in fiber breaking tenacity and 986% increase in tensile modulus. The drawn fibers
in this study are 4x stronger than the strongest UHMWRPE fibers previously spun using orange
terpenes. Further studies optimizing the drawing of these UHMWPE fibers may lead to further
significant increases in mechanical properties by increasing fiber crystallinity and orientation. This
work demonstrates great potential for orange terpenes as a sustainable replacement for decalin-

based commercial UHMWPE fiber production.
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Chapter 4. 1,4-Cineole: A Bio-Derived Solvent for Highly Stable
Graphene Suspensions and Well-Dispersed UHMWPE/Graphene
Nanocomposite Fibers

1. Introduction

In this work, the field of bio-derived solvents was surveyed for opportunities to replace the
harmful petrochemical solvents currently used for dry-extraction gel spinning of UHMWPE fibers
with one that is suitable for the dissolution of UHMWPE and dispersion of graphene nanoplatelets
(GnPs) simultaneously for the formation of UHMWPE/graphene nanocomposite fibers via gel
spinning. One candidate, 1,4-cineole, was selected based on suitability predicted by Hansen
solubility parameters and was evaluated for other properties relevant to nanoparticle dispersion,
viscosity and surface tension. The dispersion stability of GnPs in this solvent was observed, and
the dissolution of UHMWPE in this solvent was confirmed. UHMWPE fibers were spun with and
without GnPs, hot stretched to a fine diameter, and characterized for their mechanical,
microstructural, and thermal properties to demonstrate nanocomposite fiber formation via gel
spinning. These characterizations enabled a greater understanding of the mechanisms governing

the interactions between the GnPs and highly crystalline polymers.

2. Experimental Methods
2.1. Solvent Selection

The ideal solvent to produce UHMWPE/GnP nanocomposite fibers must be capable of
dissolving UHMWPE into a semi-dilute solution and maintaining a stable dispersion of GnPs to
prevent agglomeration. Hansen solubility parameters can be used to predict the solubility of both
graphene and UHMWPE in a candidate solvent and was chosen as the first selection criteria. Per
this method [212], a material can be ascribed three parameters, dispersion energy (6q), polar-

dipolar energy (dp), and hydrogen bonding energy (8n), which can be visualized as the axes of a
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three-dimensional Hansen space. A solute has a prescribed interaction radius, Ro, and if a solvent’s
position in Hansen space falls within this interaction radius, then it is predicted to be a “good”
solvent for that solute. The HSP distance between the solvent and solute, Ra, is calculated via
Equation 4.1:
R%2 = 4(6D; — 6D,)? + (6P, — 6P,)% + (6H, — 6H,)? (4.1)
The solubility of a pairing can then be quickly assessed by calculating the relative energy
difference (RED) of the two molecules via Equation 4.2, where a RED < 1 indicates “good”
solubility:
RED = R, /R, (4.2)

The HSPs for UHMWPE [213] and graphene [68] are included at the top of Table 7 followed
by the two leading commercial solvents for UHMWPE gel spinning, decalin [214] and paraffin oil
[215] for comparison. The HSPs for thirty candidate bio-derived alternative solvents and their HSP
distance and RED relative to the two solutes of interest are listed in Table 7. The HSPs for each
solvent were acquired from several sources [68,214,216,217]. Nine of the candidate solvents were
predicted to be good solvents for UHMWPE, and 1,4-cineole was the one most likely to be a good
solvent for graphene. Dissolution of UHMWPE in 1,4-cineole at concentrations consistent with
commercial gel spinning methods (2-3 wt%) was confirmed by heating UHMWPE powder in the
solvent above the melting point of UHMWPE and stirring until a highly viscous solution was
formed. 1,4-cineole is a monoterpene found in plant extracts containing 1,8-cineole, such as
eucalyptus oil or cardamom, and can be synthesized from another terpene, a-terpineol [218]. It has
received growing attention in biological and medical research for its anxiolytic and antidepressant

properties [219], it has been demonstrated as an effective bio-derived degreaser in industrial
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applications [220], and it has been shown to be an important component of the flavor profile of
Australian Cabernet Sauvignon red wine [221].

Table 7. HSPs of the materials investigated in this study including the target solutes (*). The
commercially prominent solvents for UHMWPE gel spinning are included for reference (7) and the
remainder are the candidate bio-derived alternatives. RED values indicating good solubility with the
corresponding solute (RED < 1) are shown bolded in green, and RED values indicating poor solubility
(RED > 1) are shown in red. All terms other than RED have units of MPa*?

UHMWPE Graphene
Ro=4.0 Ro=6.5

Material &g dp on Ra RED Ra RED Ref
UHMWPE" 18 1.2 14 - - - - [213]
Graphene” 18 9.3 7.3 - - - - [68]
Decalin® 17.6 0 0 1.844 0.461 11.823 1.819 | [214]
Paraffin oil’ 15.7 2.7 8.7 8.758 2.189 8.166 1.256 | [215]
1,4 Cineole 17.1 3.6 3.7 3.780 0.945 6.978 1.074 | [217]
1,8-Cineole 16.7 4.6 34 4.724 1.181 6.638 1.021 | [217]
Artemisia keton 15.9 5.8 5.1 7.245 1.811 5.893 0.907 | [217]
Bisabolene 16.7 2.2 4 3.811 0.953 8.250 1.269 | [217]
Butyl lactate 15.8 6.5 10.2 11.175 2.794 5.967 0.918 [68]
Carvone 18 5.6 6.4 6.660 1.665 3.808 0.586 | [217]
Citral 16.3 2.3 6.2 5.984 1.496 7.859 1.209 | [217]
Citronellol 16.2 5.9 5.2 7.035 1.759 5.379 0.827 | [217]
Cyrene 18.8 10.6 6.9 11.008 2.752 2.100 0.323 [68]
Dipentene 16.7 2.2 4 3.811 0.953 8.250 1.269 | [217]
D-limonene 17.2 1.8 4.3 3.366 0.842 8.235 1.267 [68]
Eugenol 19 75 13 13.351 3.338 6.303 0.970 [68]
y-valerolactone 16.9 115 6.3 11.616 2.904 3.268 0.503 [68]
Geraniol 16 4.7 11 10.973 2.743 7.131 1.097 | [216]
Linalool 16.5 2 9.1 8.302 2.076 8.095 1.245 | [217]
Linalyl acetate 16 2.8 55 5.947 1.487 7.842 1.206 | [217]
Menthone 17 8.1 4.4 7.785 1.946 3.722 0.573 | [217]
Myrcene 16 2.2 5.1 5.540 1.385 | 8.441 | 1.299 | [217]
Nerolidol 16.4 2.7 8.7 8.110 2.028 7.467 1.149 | [217]
Ocimene 15.8 3.2 4.7 5.852 1.463 7.958 1.224 | [216]
Phellandrene 16.9 1.8 4.1 3.534 0.884 8.446 1.299 | [217]
Pinene 17.4 3 3.2 2.814 0.704 7.612 1.171 | [216]
Piperitone 17 6.2 45 6.214 1.553 | 4.631 | 0.713 | [217]
Sylvestrene 16.6 3 4.1 4.286 1.072 7.601 1.169 | [217]
Terpinene 17.2 1.8 4.3 3.366 0.842 8.235 1.267 | [217]
Terpineol 17 5.3 10.9 10.539 2.635 5.741 0.883 | [217]
Terpinolene 16.9 1.8 4.1 3.534 0.884 8.446 1.299 | [217]
Triacetin 16.5 4.5 9.1 8.898 2.225 5.940 0.914 [68]
Umbellulone 17.7 6.6 4.1 6.067 1.517 4.230 0.651 | [217]
Zingiberene 16.6 1.4 4.1 3.895 0.974 8.972 1.380 | [217]
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2.2. Materials

UHMWPE powder with an average molecular weight of 3M-6M g/mol (Sigma-Aldrich) was
used as the feedstock polymer. Food-grade 1,4-cineole (=295%, Sigma-Aldrich) was used to
disperse GnPs (XG Sciences, XGNP C-750) and dissolve the UHMWPE powder. 2,6-Di-tert-butyl-
4-methylphenol (Sigma-Aldrich) was used as an antioxidant. Food-grade orange terpenes,
decahydronaphthalene (decalin), and paraffin oil, all purchased from Sigma-Aldrich, were used to
compare the solution stability of GnPs in each solvent presented in this study. All chemicals were

used as delivered without further purification.

2.3. Sample Preparation

2.3.1. 1.4-Cineole Properties

The viscosity of 1,4-cineole was measured using a Thermo Scientific HAAKE Viscotester iQ
Air in parallel plate geometry with a ramped shear rate range from 10-1000 1/s. The surface tension
of 1,4-cineole was estimated via pendant drop tensiometry. Droplet images were taken using a
Ramé-Hart automatic goniometer (Model 290-F4), and the surface tension was calculated using

the associated Droplmage Advanced software.

2.3.2. Graphene Dispersion

To observe the stability of GnP suspensions over time, GnPs were dispersed in various solvents
at a concentration 1 mg GnPs / 1 mL solvent via ultrasonication in a Branson ultrasonic bath for
90 minutes. The suspensions were created simultaneously and photographed at regular intervals
over the course of 40 days. To disperse GnPs for UHMWPE/GnP composite gel formation, shear
mixing and ultrasonication were used successively prior to the dissolution of the UHMWPE
powder and antioxidant. Shear mixing was conducted using a Silverson L5M-A laboratory high-

shear mixer with a 5/8” mix head and slotted stator operating at 7500 rpm for 1 hour. The solution
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was then ultrasonicated (Sonics VCX 500) at 20 KHz with a 1/4" probe tip operating at 30%
amplitude and pulsing on for 9 seconds and off for 1 second for 30 minutes. The solution was
contained in a jacketed beaker with flowing water to maintain the solution temperature at 20°C
during shear mixing and ultrasonication. A GnP concentration of 0.266 mg/mL was used as the
primary concentration for nanocomposite formation and lower concentration solutions were

formed by diluting the parent solution.

2.3.3. Polymer Solution Formation

UHMWPE powder and 2,6-di-tert-butyl-4-methylphenol were added to pure 1,4-cineole for
the control sample and 1,4-cineole/GnP dispersion for the experimental nanocomposite samples.
Preliminary trials indicated that 3 wt% UHMWPE was optimal for fiber spinning pure and
nanocomposite fibers in the concentrations selected for this study. So, in all solutions, the
UHMWPE concentration was 3 wt%, and the antioxidant concentration was 0.3 wt%. The GnP
concentration was varied by orders of magnitude from 0.01 wt% to 1.0 wt% relative to the
UHMWPE to identify a concentration decade of peak performance and understand the evolution
of the fiber microstructure and properties across relevant decades. Increasing the GnP
concentration to 10 wt% led to phase separation during extrusion and continuous fibers could not
be spun. Dissolution of the UHMWRPE occurred at elevated temperature in a heated silicone oil
bath while under direct ultrasonic agitation using a custom 1/4-inch sonicating probe designed for
use at 150-170°C. The ultrasonication amplitude was set to 20% and was pulsed at 5 second on
and 1 second off intervals. Dissolution occurred in less than 20 minutes resulting in an evenly

dispersed and highly viscous polymer solution.
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2.3.4. Fiber Spinning and Drawing

Upon formation, the polymer solution was immediately transferred to the barrel of a custom
gel spinning extruder, see Chapter 3 section 2.1, that was preheated to 130°C. The solution was
allowed to equilibrate in the barrel for 5 minutes before inserting the extruder piston and
evacuating the air from the barrel. The system was allowed to equilibrate for an additional 5
minutes before beginning fiber spinning. The solution was extruded through a nozzle with an
orifice diameter of 250 um and channel length of 500 pm. The extruded gel fiber descended a 20
cm air gap before entering a coagulation bath of deionized water at ambient temperature. The fiber
was immersed in the coagulation bath for 68 cm before being taken up at 2.5 m/min on a winding
bobbin. Solvent extraction was completed via evaporation in ambient air for no less than 24 hours.
The as-spun fibers were hot drawn at a ratio of 5:1 by passing the fiber over a polished and
lubricated aluminum plate heated to 110°C using two driven bobbins. The draw ratio is defined as

the ratio of the speed of the takeup bobbin to the payout bobbin.

2.4. Characterizations

2.4.1. Morphological Analysis

Transmission electron microscopy (TEM, FEI Titan) was used to characterize the morphology
of the GnPs after shear mixing and ultrasonication. The dispersed graphene suspension was
deposited onto lacey carbon TEM grids immediately following shear mixing and ultrasonication
and dried at 65°C under vacuum. The profile and surface of the fibers were observed via scanning
electron microscopy (SEM, FEI Quanta 650). All SEM samples were sputter coated with gold
(Cressington 108 Auto/SE) to prevent charging during SEM. The dispersion and geometry of the
graphene particles in the UHMWPE matrix were observed via atomic force microscopy (AFM)

operated in tapping mode. Samples for AFM analysis were prepared by aligning fibers vertically
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in an epoxy mount and polishing to expose their axial cross sections. Measurements were taken
using a Bruker Dimension Icon AFM, using an OTESPA-R3 (Bruker) probe with a nominal tip
radius of 7 nm. Maps of entire fiber cross sections were obtained to assess the spatial distribution
and frequency of embedded particles. Close-up detail images of representative particles were then
obtained to identify morphology. During analysis, particles adsorbed to the fiber surfaces were not

included in distribution evaluation.

2.4.2. Thermal Properties

A Netzsch STA 449 F1 Jupiter Simultaneous Thermal Analyzer was used to conduct
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) experiments on
the fiber samples. The fibers were cut into short lengths and 3 £ 0.2 mg of each sample were placed
in aluminum crucibles. Pierced lids were cold weld crimped onto the crucibles to ensure contact
between the sample and the crucible bottom while allowing any vaporized material to escape. A
two-cycle heating routine was applied to observe the effect of spinning and drawing then observe
the behavior of the material after the thermal history is erased. The samples were heated to 200°C
at a rate of 10°C/min and cooled twice. A 30-minute isothermal hold was applied after the first

ramp to 200°C to observe any mass loss above the boiling point of the spin solvent.

2.4.3. Mechanical Properties

The mechanical properties of the fibers produced in this study were evaluated via single-
filament tensile testing according to ASTM standard D3822 using an MTS Nano Bionix Universal
Testing Machine (UTM). The UTM has a maximum load capacity of 500 mN and 150 mm of
extension. A gauge length of 10 mm was selected for this study, and at least 20 successful tests, as

defined by the standard, were recorded for each sample. The mechanical properties are reported in
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textile units (cN/dtex), and a Mettler-Toledo XSE205DU analytical balance was used to measure

the linear density of the fiber samples according to ASTM standard D1577.

2.4.4. Microstructural Analysis

The characteristics of the GnPs before and after dispersion in 1,4-cineole were examined via
Raman spectroscopy using a Renishaw inVia Confocal Raman microscope with a 50x objective
lens and 514 nm wavelength laser. Wide-angle and small-angle X-ray scattering, WAXS and
SAXS respectively, of the experimental fibers were used to assess the crystalline characteristics of
the fibers. WAXS was conducted with a Bruker D8 Venture in Debye-Scherrer configuration. The
fibers were illuminated with monochromated (Helios™ monochromator, multilayer optics) Cu-
Ka radiation (A=0.154184 nm) and diffraction patterns were collected with a Photon III 2D
detector. To obtain 1D patterns, the 2D frames were integrated over a 90° azimuthal region for
determination of the crystallite sizes and overall crystallinity. The same WAXS quantitative
analysis methods used in Chapter 3 of this dissertation were applied to the WAXS data collected
for this chapter. See equations 3.1-5.

SAXS experiments were performed using a Xenocs Xeuss 3.0 SAXS/WAXS equipped with a
GeniX 3D Cu HFVLF microfocus X-ray source utilizing Cu Ka radiation (A = 0.154 nm). The
sample-to-detector distance was 900 mm, and the g-range was calibrated using a silver behenate
standard. Two-dimensional scattering patterns were obtained using a Dectris EIGER 4M detector
with an exposure time of 2 hours. Data reduction was performed using XSACT software provided
by Xenocs. Semicrystalline polymers possessing lamellar crystal mesostructures exhibit
meridional lobes in 2D SAXS scatter patterns, which arise from alternating domains of higher and

lower electron density [194]. The length of this repeating pattern, or the center-to-center spacing
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of the lamellar crystals, is called the long period (L). This can be calculated from the g of peak
scattering intensity along the fiber axis (qmax), Equation 4.3.

21

L= (4.3)

CImax

3. Results and Discussion
3.1. Graphene Suspension in 1,4-cineole

Three key characteristics have been identified as strong predictors for a solvent that can achieve
stable dispersion and efficient exfoliation of graphene: polarity, surface tension, and viscosity [68].
None of these three can independently predict a solvent’s suitability for graphene, but together
they can form an efficient framework for evaluating solvents using directly measurable qualities.
This has been applied effectively for evaluating environmentally friendly alternatives to the
harmful petrochemical solvents, n-methylpyrrolidone (NMP) chief among them, that are known
for excellent graphene dispersion [68]. The most commonly used characteristic for evaluating a
candidate solvent is Hansen solubility parameters (HSP) because the similarity of the solvent’s
polarity with graphene’s polarity is a strong predictor of a good solvent. HSP is especially relevant
in this study since the solvent must also be a good solvent for UHMWPE to enable gel spinning.
Three parameters, dispersion energy (4), polar-dipolar energy (dp), and hydrogen bonding energy
(6n), can be ascribed to any material, and they provide a convenient coordinate system, called
Hansen space, for visualizing the HSP relationships between materials. Each material also
possesses an interaction radius (Ro), and if the position of a solvent in Hansen space falls within
the interaction radius of the solute, then the solvent is described as a “good” solvent for the solute.
Of the 30 bio-derived solvents evaluated in this study, none were simultaneously “good” solvents
for UHMWPE and graphene according to HSP, so a candidate capable of solvating UHMWPE

that was also closest to being a “good” solvent for graphene, 1,4-cineole, was selected. This was
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hardly discouraging considering that 1,4-cineole was very nearly inside the interaction radius of
graphene, whereas the leading solvents for UHMWPE fiber gel spinning, paraffin oil (PO) and

decalin, are predicted to be poor solvents for graphene via HSP, Figure 29.
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Figure 29. HSP space showing the relationship between the solutes of interest, UHMWPE (blue sphere)
and graphene (red sphere), commercially prominent UHMWRPE fiber spin solvents, paraffin oil (PO, pink
square) and decalin (yellow triangle), and the bio-derived alternative candidate, 1,4-cineole (green star)

This prediction was then tested by dispersing GnPs in 1,4-cineole at a concentration of 1
mg/mL via ultrasonication for 90 minutes. This procedure was also applied in parallel to the two
leading solvents for commercial UHMWPE gel spinning, paraffin oil and decalin, as well as
orange terpenes for comparison [25,89,91,133]. Photographs were taken of the dispersions in each
solvent at regular intervals over the course of several weeks, and it was found that the graphene
suspension in 1,4-cineole possessed remarkable stability. 40 days after the initial ultrasonic
dispersion, the GnPs had settled out of each solvent except for 1,4-cineole, Figure 30.

Of the solvents tested, 1,4-cineole was closest to meeting the criteria for a good solvent per
HSP, but this result far exceeded expectations considering that HSP does not predict it to be a
“good” solvent for graphene. The two other key indicators of a good solvent for graphene
dispersion, viscosity and surface tension, were then considered to explain this phenomenon. At the

time of this dissertation, neither of these properties could be found in manufacturer datasheets or
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academic literature, so they were measured via parallel plate viscometry and pendant drop

tensiometry respectively.

Figure 30. Timelapse photos of graphene dispersions in various solvents with concentration of 1 mg/mL:
1) paraffin oil, 2) 1,4-cineole, 3) decalin, and 4) orange terpenes
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A minimal ratio of solvent density to viscosity reduces particle settling velocity, according to
Stoke’s law, resulting in more stable dispersions [68], and higher viscosities increase the shear
force that can be applied during rotary shear exfoliation thereby increasing exfoliation efficiency
[65]. This effect is well demonstrated by the relatively stable dispersion of paraffin oil, Figure 30.
HSP predicts that paraffin oil is a poor solvent for graphene, but the high viscosity of paraffin oil
dramatically reduces the settling velocity of the particles. The viscosity of 1,4-cineole approaches
an equilibrium value of 0.00171 Pa*s averaged across the shear rate range of 700-1000 1/s, Figure
31a. This is lower than that of decalin (0.00178 Pa*s [222]), from which the graphene suspension
settled out in less than 24 hours, yet it maintained a suspension well beyond 40 days.

Solvents capable of stably dispersing graphene typically possess a surface energy similar to
that of graphene (~40 mJ/m?), which maximizes the affinity of graphene to the solvent thereby
limiting the van der Waals attraction between nearby graphene flakes [223]. The surface energy
of the solvent (called surface tension for liquids) can be measured via analysis of the shape of a
droplet suspended from a needle, which is called the pendant drop method [224]. The droplet
image for 1,4-cineole is shown in Figure 31b and associated dimensions measured and calculated

using the software are included in Table 8. Seven measurements were taken at a frequency of 10
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Hz and averaged. The surface tension of 1,4-cineole was measured to be 24.68 mJ/m?, which is
not in the range typically associated with good graphene dispersion [68]. Rather, it is close to that
of ethanol (22.1 mJ/m?), which has demonstrated varied degrees of efficacy for the exfoliation of
graphene [225,226]. Principal component analysis conducted by Salavagione et al. [68] indicates
that the role of surface energy is less specific than that of HSP or viscosity, but this mismatch in

surface energy is significant.
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Figure 31. a) Dynamic viscosity measured via parallel plate viscometry across a shear rates ranging
from 100-1000 1/s, and b) droplet image of 1,4-cineole for pendant drop tensiometry

Table 8. Measurements of pendant drop tensiometry images of 1,4-cineole droplet.

No.  my B (nF:r?]) (ﬁ]rrﬁ?) \?r)r:umq;e © (deg) F('ﬁq'%?t %Crint)h
1 2466 0302 0925 1401 497 10840 2542 1964
2 2468 0302 0926 1397 497 10861 2539 1961
3 2465 0302 0925 1394 496 10901 2532  1.960
4 2466 0302 0925 1396 496 10867 2537  1.960
5 2463 0302 0925 1397 496 10845 2539  1.950
6 2472 0301 0926 1396 496 10890 2535  1.964

7 24.78 0.301 0.926 13.90 4.95 110.30 2.514 1.962
Mean 24.68 0.302 0.925 13.96 4.96 108.91  2.534 1.961
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Considering that 1,4-cineole only meets one of the three criteria set out by Salavagione et al.
[68] for evaluating candidate solvents for graphene dispersion and exfoliation, Table 9, the stability
of the GnP dispersion in it is unexpected. However, computational methods have provided new
insights into seemingly anomalous cases such as this. A key aspect common to good solvents for
graphene dispersion is the formation of a structured solvent layer at the graphene particle surface.
Molecular dynamics simulations and density functional theory have shown that this is achieved
for molecules with a m-electron system that can align parallel to the graphene sheet and has an
opposing saturated section that creates a steric barrier repelling nearby graphene sheets and
preventing stacking [227]. The formation of this structured layer constitutes a solvation shell, and
it has been shown that reaggregation is less likely in solvents with low diffusion coefficients along
the graphene layer [228].

Table 9. Comparison of 1,4-cineole to target properties for three key characteristics that indicate a
solvents suitability for dispersing and exfoliating graphene.

Measurement Target [68] 1,4-cineole
Polarity (HSP distance, MPa’?) <6.5 6.98
Surface Tension (mN/m) 38.2+/-6 24.7
Density/Viscosity (s*m?) < 1.2*10° 5.19*10°

3.2. Nanoparticle Morphology

A two-stage dispersion and exfoliation method was applied to 1,4-cineole/GnP suspensions
prior to the dissolution of UHMWPE to ensure that the particles were well dispersed and
deagglomerated. Discerning the nature of the particles after this process is crucial to understanding
how the particles are incorporated into the polymer matrix, so the particle dimensions were
measured via TEM and particle quality was measured via Raman spectroscopy. The shear mixed
and ultrasonicated particles appear as wrinkled and folded multi-layer sheets, Figure 32a. High-

resolution TEM (HRTEM) revealed the presence of single graphene layers, which can be
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confirmed by the characteristic hexagonal diffraction pattern of graphene that appears in the fast

Fourier transform of the a single-layer region of the HRTEM image, Figure 32b.
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Figure 32. a) TEM image of a GnP deposited after the two-stage dispersion/exfoliation featuring
wrinkled and folded graphene sheets, b) HRTEM image of a region of a GnP showing a single layer
region with an inset of the fast Fourier transform of the region encircled in red showing the hexagonal
diffraction pattern characteristic of graphene, c) a histogram of the maximum dimension measured of 100
randomly selected particles viewed with TEM, and d) Raman spectra of the GnPs as delivered and after
dispersion with relevant peaks labeled for reference.

The average maximum dimension of 100 randomly selected particles viewed via TEM was
558 nm, and 88% of the particles had a major dimension less than 1 um, Figure 32c. The relative
ratios of the intensities of the G-peak and 2D-peak of the Raman response of the as-delivered and
dispersed particles confirms that on average the particles are multilayer GnPs [229], Figure 32d.

The ratio of the intensities of the D-band and G-band provides insight into the degree of disorder
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in the particles [230], and it was found that the shear mixing and ultrasonication process only
slightly increased this ratio from 0.71 to 0.78 indicating that the exfoliation process did not
extensively damage the particles. The presence of the D’ peak before and after dispersion and
exfoliation indicates that multiple defect modes may be present as delivered from the GnP
manufacturer [231], and they are unaffected during processing. These results indicate that the shear
mixing and ultrasonication methods did not have a significant exfoliating effect but were effective

at dispersing the agglomerated as-delivered particles.

3.3. Fiber Morphology

The UHMWRPE fiber spun from 1,4-cineole solution exhibited oblong to flat cross sections

sometimes featuring short lobes, as exemplified in Figure 33a.

Figure 33. Scanning electron micrographs of a) a cryo-fractured cross-section of UHMWPE/GnP
nanocomposite fiber as-spun, b) multiple UHMWPE/GnP fibers (1 wt% GnP) after 5:1 drawing
highlighting their flat/oblong shape, and profile views of drawn UHMWPE fibers with GnP
concentrations of ¢) 0 wt%, d) 0.01 wt%, e) 0.1 wt%, and f) 1 wt%
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No voids were present in the cross section of the fibers. Hot drawing at a ratio of 5:1 was
accomplished for all graphene concentrations and the control sample without affecting the cross-
sectional shape of the fibers, Figure 33. While the linear density of the fibers increased from 0
wt% GnP to 0.01 wt% GnP, the linear density decreased with increasing GnP concentration
thereafter, Table 10. As has been shown in the electrospinning of polymer/graphene solutions
[232], increasing the graphene concentration increased the viscosity of the polymer solution, which
led to increased draw down during spinning and a lower final linear density. The surfaces of the
drawn fibers feature the axial striations characteristic of UHMWPE fibers indicating the alignment
of the fiber molecule chains, Figure 33c-f. The irregular cross-sectional profile of the fibers results
from the relationship between the crystallization rate of the gel and the diffusion rate of the solvent.
This is a common feature of UHMWPE fibers as well as other fibers spun using solvent dry
extraction. An outer shell is formed as solidification proceeds from the outer surface inward, and
the as-extruded round profile collapses [49]. Obtaining an in-depth understanding of the
crystallization process for UHMWPE fibers spun using 1,4-cineole in a future study will shed light
on the spinning conditions responsible for this morphology and may enable control of this
geometry [183].

TGA showed that the fibers exhibited less than 1.5% mass loss after an initial ramp to 200°C.
An equilibrium residual mass of 96.4% was reached for the as-spun pure UHMWPE fibers after a
30 min hold at 200°C. The slow rate of mass loss well above the boiling temperature of 1,4-cineole
indicates that the remaining residue may be higher molecular weight impurities in the solvent,
which is unsurprising considering that it is a food-grade material that may contain as much as 5%
impurities. The residual mass of the drawn fibers after the initial 30 min isotherm was slightly

lower than the as-spun fibers, Table 10. The addition of GnPs did not affect this result. However,
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the residual mass changed slightly corresponding to the linear density of the fibers. Considering
the lower mass loss of the as-spun fibers, which are much larger than the drawn fibers, it can be
concluded that the diffusion rate of the residue at elevated temperature was inversely related to the
linear density of the fibers and not affected by the concentration of GnPs.

Table 10. Linear density of the sample fibers as measured via ASTM D1577 and the residual mass
measured via TGA following a ramp of 10°C/min to 200°C and 30 min isotherm at that temperature.
Samples are listed by their GnP concentration in wt%

As-Spun Drawn
0 wt% 0 wt% 0.01 wt% 0.1 wt% 1 wt%
Linear Density (dtex) 11.72 2.77 3.44 2.45 1.25
Residual Mass (%0) 96.5 95.1 95.4 95.2 94.9

SEM images of the nanocomposite fibers did not reveal any large agglomerations on or near
the fiber surfaces, and AFM was employed to identify particles within the UHMWPE matrix from
polished cross sections of the fibers. Tapping amplitude error mapping of entire fiber cross sections
revealed the presence of several randomly distributed, sub-micron particles, Figure 34a. High
resolution scanning of individual particles showed atomic layer stepping indicative of the wrinkled
and layered morphology of the GnPs as viewed under TEM, Figure 34b. The size of the particles
in the matrix was consistent with the size distribution measured via TEM indicating that the
particles remained well dispersed during the dissolution of UHMWPE and spinning of the fibers.
This shows that ultrasonic agitation is a viable method of maintaining nanoparticle dispersion

during the formation of semi-dilute polymer/nanoparticle solutions for fiber gel spinning.
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Figure 34. AFM tapping amplitude error images of a) the cross section of a drawn UHMWPE / 1 wt%
GnP nanocomposite fiber outlined in red with exposed nanoparticles highlighted in green, and b) an
individual GnP showing stacked graphene layers

3.4. Fiber Mechanical Properties

UHMWRPE fibers spun from a 1,4-cineole solution and hot drawn at a ratio of 5:1 exhibited an
average breaking tenacity, 8.08 cN/dtex, commensurate with that of fibers spun from orange
terpenes at the same draw ratio, 8.58 cN/dtex, with a significantly greater strain to failure [133].
In the context of commercial fibers and experimental fibers presented in literature, the fibers fall
onto a power law curve relating the strain to failure and initial modulus in UHMWPE fibers, Figure
35. A loose direct relationship between draw ratio and strain to failure can also be observed in
Figure 35, so it can be expected that the tensile properties of these fibers can be improved
significantly by increasing the draw applied to the fibers. This demonstrates significant potential
in 1,4-cineole as a UHMWPE fiber spin solvent with lower environmental impact given further

optimization of the spinning and drawing processes.
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Figure 35. Log-log plot comparing initial modulus and strain to failure across several fibers produced
commercially or experimentally

However, the addition of GnPs did not provide the anticipated reinforcing effect. The tensile
properties of the fibers declined precipitously at low GnP concentrations while mostly recovering
at a concentration of 1 wt% without exceeding the properties of the pure UHMWPE fibers, Table
11. A similar result was reported by Dayyoub et al. [233] wherein drawn UHMWPE/GnP films at
0.1 wt% and 1.0 wt% GnP showed reduced mechanical properties compared to the pure UHMWPE
control sample. However, a robust understanding of why the addition of these particles falls short
of their promise has not previously been presented in literature. Accordingly, a battery of
microstructural characterizations was undertaken to understand the mechanism underlying this
result. The first hint at the nanoparticles’ interaction with the polymer matrix lies in the reduction
in the coefficient of variation (COV) of the initial modulus and breaking tenacity with increasing
graphene concentration, which indicates that the nanoparticles tend to regulate the microstructure

development in the fibers rendering more consistent tensile properties between test samples [64].
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Table 11. Tensile properties and corresponding coefficient of variation (COV) of UHMWPE and

UHMWPE/GnP fibers at varying GnP concentrations. Average tensile properties are shown + standard
error

Initial Modulus Breaking Tenacity Strain at Failure
cN/dtex COV (%) cN/dtex COV (%) % COV (%)
0 wt%o 127.4+5.1 17.5 8.08+£0.12 6.7 25.3 37.6
0.01lwt% 81.7+25 16.6 4.35+0.08 10.2 46.3 44.8
0.1 wt% 69.4+1.2 9.0 3.93+0.04 5.2 37.0 35.5
10wt% 111.1+16 6.8 7.03+0.08 5.2 29.3 39.9

3.5. Fiber Thermal Properties

The thermal properties of the fibers are a critical component of their functionality, and they
provide a window into the bulk microstructure of the fibers as well. DSC was used to assess the
initial melting onset (To) temperature and peak melting temperature for the first (T,1) and second

(Tp2) melt cycles, Figure 36.
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Figure 36. First cycle melting onset (To), first cycle melting peak (T,1), and second cycle melting peak
(Tp2) temperatures for pure and nanocomposite UHMWPE fibers spun using 1,4-cineole

The as-spun and drawn pure UHMWPE fibers exhibited melting temperatures consistent with
those spun using orange terpenes and drawn to the same degree [133]. The drawing process

increased the melting onset and peak temperatures indicating increased molecular order [16]. This
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is advantageous because it increases the maximum temperature that can be applied for a second
drawing of the fibers, which can significantly increase the molecular alignment, crystallinity, and
mechanical properties of the fibers [189]. The second melt cycle was included in the DSC routine
to observe the melting behavior of the material after the thermal history has been removed by the
first heating cycle. The pure UHMWPE fibers exhibited a slight increase in the second peak
melting temperature from the as-spun to the drawn fibers (+0.6°C), which indicates that some
irreversible microstructural change occurred during drawing, but the majority of the
microstructural was reverted upon the first melting. The addition of GnPs slightly reduced the peak
melting temperature of the fibers, but no correlation between the GnP concentration and peak
melting temperature could be discerned. The 1 wt% GnP sample exhibited the greatest melting
onset temperature indicating that the GnP concentration reached a threshold concentration where

they begin to hinder molecular chain relaxation [234].

3.6. Fiber Microstructure

The microstructure of UHMWPE fibers is organized in hierarchical structures ranging from
nano- to micro-scale formed largely of crystalline phases interspersed with amorphous and tie
molecules that transfer the load between crystallites in the fiber. The development of crystalline
microstructures with long range order is the key feature of UHMWPE enabling its remarkable
mechanical properties; the theoretical modulus of a polyethylene chain has been estimated at zero
temperature to be 374 GPa [235], and quantum mechanical analysis of polyethylene crystals
estimates up to 326 GPa [236]. This has nearly been realized in highly drawn crystalline
polyethylene nanofibers (312 GPa) [237], and commercially produced UHMWPE fibers achieve

a significant portion of that (up to 200 GPa) [238]. DSC and X-ray scattering of the fibers offers
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insight into the bulk crystallite characteristics in these fibers, which is crucial to understanding

process-structure-property relationships for this material.

3.6.1. Crystallinity

The bulk crystallinity of the UHMWRPE fibers spun using 1,4-cineole is consistent with those
spun using orange terpenes and drawn to the same degree [133], which implies a similar level of
microstructural development. The crystallinity of a semicrystalline polymer can be measured via
DSC by comparing the measured melting enthalpy of the sample material (Ah,,) to the melting

enthalpy of a perfectly crystalline version of that polymer (Ah, ), as shown in Equation 4.4.

Ahyy,
Xdsc = m (4-4)

The melting enthalpy of a polyethylene crystal has been estimated to be 293 J/g [185]. The effect
of fiber drawing is evident in the increase in the crystallinity from as-spun to drawn for the neat (0

wt% GnP) UHMWPE fibers, Figure 37.
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Figure 37. DSC-measured crystallinity of UHMWPE fibers spun with 1,4-cineole
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The hot drawing process increased the crystallinity of the fibers by 4.4% indicating that the
residual material did not prevent strain-induced crystallization of the amorphous phase, Figure 37.
This is visually identifiable by the deeper endothermic peak of the drawn fiber, which is shifted to

a higher temperature, Figure 38a. However, the DSC-measured crystallinity was not sensitive to

the incorporation of GnPs, Figure 37.
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Figure 38. a) DSC thermograms of the melting endotherm for as-spun and drawn neat UHMWPE fibers,
which shows the increased melting onset and peak temperatures as well as the larger area of the endotherm
indicating greater crystallinity. b) 1D WAXS scattering of a drawn UHMWRPE fiber with six peak fit

Greater detail on the crystalline phase composition in the fibers can be achieved via WAXS.
The primary crystallographic phases of UHMWPE are orthorhombic and monoclinic. The former
can be identified by WAXS peaks at approximately 21.2° and 23.6° 26 corresponding to the (110)
and (200) planes and typically make up the vast majority of the crystalline content of the fiber.
Monoclinic crystals are indicated by the (010) reflection occurring at approximately 19.6° 260,
which is oftentimes obscured by the intensity of the adjacent orthorhombic peak. The UHMWPE
fibers spun in this work exhibited these characteristic peaks in addition to peaks at 6.2° and 11.7°
20 and a broad underlying peak at 17.5° 260 ascribed to the amorphous phase, Figure 38. The lattice

spacing corresponding to the 11.7° 20 peak is approximately the sum of the primary orthorhombic
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reflection (110) lattice spacing, 0.419 nm, and the thickness of a 1,4-cineole molecule, which
indicates the intercalation of the residual solvent molecules into the crystalline structure of the
fibers [239]. The peak at 6.2° 20 has a lattice spacing approximately double that of the first order
intercalated structure.

Peak deconvolution allows for quantitative analysis of these peaks, which can be used to assess
the crystallinity of the fibers and crystallographic dimensions. The concentration of each phase is
summarized in Table 12. The WAXS-measured crystallinity of the drawn fiber (74.0%) is greater
than the DSC-measured crystallinity (48.3%), as is typically expected [190,193] consistent with
other works [133]. However, it is lower than that of fibers spun using decalin and drawn the same
amount (83.4%) [16]. The intercalated phase and orthorhombic phase share an approximately
equal portion of the crystallinity of the pure fibers which indicates significant integration of the
solvent residue into the crystalline structure.

Table 12. Composition of the fibers’ crystallinity by phase as measured via WAXS

Crystallinity (%) 0 wt% 0.01 wt% 0.1 wt% 1 wt%
Orthorhombic 34.0 28.6 33.3 22.1
Monaoclinic 54 6.0 5.8 6.4
Intercalated 34.6 33.8 335 36.2
Total 74.0 68.4 72.6 64.8

The bulk crystallinity of the fibers varies with the linear density of the samples from 0 wt% to
0.1 wt%. This reflects the effect of draw down during gel spinning on crystallization. The 0 wt%
and 0.1 wt% samples have a similar linear density and similar crystallinity whereas the 0.01 wt%
sample has a greater linear density and lower crystallinity. Greater draw results in greater
crystallinity and vice versa, especially at low draw ratios [208,210]. However, at 1 wt% the

crystallinity declines despite the decrease in linear density, which indicates that the GnPs disrupt
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the crystallite growth that typically occurs during spinning and drawing. Within the bulk
crystallinity at this GnP concentration, the orthorhombic phase concentration decreases
significantly while the monoclinic and intercalated phases increase slightly. These variations are
visualized in Figure 39. An increase in the monoclinic concentration is typically seen during lateral
compression of orthorhombic crystals [194] and occurs at very high draw ratios [16]. The increase
in the amorphous and intercalated phases coincides with the decrease in orthorhombic
concentration as the drawing induced crystallization is physically limited by the presence of the
GnPs. This latter mechanism is clearly represented in the effect of the GnPs on the crystallite

dimensions discussed in the next section.
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Figure 39. Total phase composition of the neat and nanocomposite UHMWPE fibers

3.6.2. Crystalline Morphology

The crystalline phases of the UHMWRPE fibers are organized into nanoscale and mesoscale
structures that can be probed via WAXS and SAXS. During the gel spinning of UHMWPE,
lamellar crystals are formed and oriented loosely towards the fiber axis during crystallization upon
gel spinning [183,210]. Heated drawing of the fibers highly orients these crystals along the fiber
axis and the lamellar crystals are converted into extended chain crystals with increasing draw ratio

[16,240]. Ultimately, the crystallites are completely extended into fibrillar crystals, but the
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intermediate structure is referred to as “shish-kebab”, owing to a combination of extended-chain
crystals (shishes) skewering regions of folded-chain crystals (kebabs). This shish-kebab structure
is identifiable by the presence of a equatorial streak and meridional lobes in the 2D SAXS patterns,
wherein the equatorial streak is associated with the extended chain shish crystals and the
meridional lobes are associated with the lamellar kebab crystals [211]. With and without GnPs,
the sample fibers exhibited these general scattering features, Figure 40, which is consistent with

UHMWPE fibers drawn to a similar degree [240].

Figure 40. 2D SAXS patterns for the UHMWPE fibers with a) 0 wt%, b) 0.01 wt%, ¢) 0.1 wt%, and d) 1
wt% GnP concentration. All scattering patterns are rotated to align the fiber axis (equatorial direction)
vertically as indicated by the yellow arrow in (a)

The 2D SAXS patterns can be used to quantitatively measure the average axial dimensions of
these crystallites based on the characteristics of the equatorial streak and meridional lobes, which
arises from the electron density differences between the lamellar crystallites and other
polyethylene phases. The average center-to-center spacing of adjacent lamellar crystals, referred
to as the long period, can be measured via Bragg’s law of the peak position of the lamellar lobe
from the 1D intensity curve along the fiber axis direction. The thickness of this lamellar crystal
can be can be assessed by the 1D correlation function of the electron density distribution [241],
which can be used to identify the long and short periodicity of the lamellar structure in the fibers.
The lamellar crystals are composed of orthorhombic and monoclinic crystallites excluding the

intercalated phase, which is not featured in the SAXS pattern meridional lobes due to its expanded
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structure. Therefore, the short period is considered to represent the lamellar crystallites, and the
difference between the long period and short period is composed of the intercalated crystallites,

tie molecules, and the amorphous phase, Figure 41.
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Figure 41. Periodicity of the lamellar crystalline structure in the fibers showing the center-to-center
spacing of the lamellae (bar total) and lamellae thickness as measured via SAXS

The long period of the neat UHMWPE fibers spun using 1,4-cineole are similar to that of fibers
using conventional spin solvents and drawn to a similar degree [211,240]. From 0 wt% to 0.1 wt%
the short period is in keeping with the linear density of the fibers, but the short period shrinks at 1
wt% GnP, Figure 41. It is expected that the lamellar thickness and long period would increase with
increasing draw down at a low total draw ratio because the amorphous molecules extend and strain-
crystallize into the lamellar structure, which also extends [240]. However, at this concentration the
GnPs prevent this anticipated extension resulting in a smaller than expected long and short periods.

The average lateral dimensions of the crystallites in the fibers can be related to the coherence
length of the crystallographic planes determined via Scherrer’s equation applied to the WAXS
scattering along the fiber axis. These dimensions are detailed in Table 13. The lateral dimensions

of the crystallites in these fibers are smaller than those spun using orange terpenes [133], which is
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a consequence of the solvent residue intercalation observed in the 1D WAXS peaks. The WAXS-
measured coherence length represents a bulk average in the material, and the presence of the
intercalated phases disrupts the coherence length on average. The addition of GnPs had no effect
on the lateral dimensions of the monoclinic crystallites, but the orthorhombic crystallites followed
the trend of crystallinity and long period whereby a sharp decline occurred in the 1 wt% decade.

Table 13. Coherence lengths for the main crystallographic planes of the UHMWPE fibers of this study
and orientation of the crystallites via Herman's Orientation Factor (HOF)

0 wt% 0.01 wt% 0.1 wt% 1 wt%
Lo1o (nm) 3.45 3.41 3.42 3.42
L110 (nm) 11.94 11.71 11.89 11.1
L200 (nm) 9.03 8.37 8.98 6.38
HOF 0.83 0.74 0.68 0.69

The average orientation of the crystallites is approximated by calculating Herman’s orientation
factor (HOF) from the WAXS peak of the major orthorhombic reflection (110), Table 13. The neat
UHMWRPE fibers exhibited significant orientation after drawing with a HOF of 0.83, which is
consistent with other fibers spun under similar conditions albeit slightly lower [133,189]. The
incorporation of GnPs negatively affected crystallite orientation. HOF decreased with increasing
GnP concentration up to 0.1 wt% where it reached a floor that continued to 1 wt%, Table 13. The
reduced crystallite growth at 1 wt% GnP is a symptom of this prevention of greater molecular
alignment. By preventing the reorientation of the crystallites, they cannot coalesce into larger

crystalline structures.

3.7. Mechanism of Structural and Tensile Property Evolution

Based on these characterizations, a mechanistic understanding of the interactions between
GnPs and UHMWPE during fiber formation can be assembled. At low concentrations, the

inclusion of GnPs exhibited little effect on the crystalline morphology of the fibers except for
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inhibiting the orientation of the crystallites in the fiber direction, yet the tensile properties declined
sharply. Therefore, despite being well dispersed, the particles act merely as point defects in the
polymer matrix indicating poor load transfer at the nanoparticle-polymer interface. At 1 wt%, the
concentration reaches a percolation threshold wherein the presence of the particles inhibits the
growth of the crystallites during drawing. However, the mechanical properties exhibit a sharp
increase compared to the lower concentration nanocomposite fibers. A network effect takes hold
in this concentration decade whereby the particles reinforce the matrix despite their detrimental
effect on the crystalline structure of the fibers. Although less aligned with the fiber axis and
smaller, the crystallites are held in configuration against the GnPs, which promotes increased
stiffness and breaking tenacity, Figure 42. Nevertheless, at 1 wt%, this effect is not strong enough
to exceed the properties of the neat UHMWPE fibers. The negative impact of the inhibited

microstructural development is greater than the reinforcing effect offered by the GnPs.

Figure 42. Sketched representations of the hypothesized UHMWPE/GnP microstructure developed a)
below the reinforcing percolation threshold and b) above. Black strokes indicate amorphous UHMWPE
chains, blue strokes indicate crystalline UHMWPE featuring folded- and extended-chain lamellae, and

orange strokes indicate GnPs
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Micromechanical modeling highlights the complexity of this mechanism and the limitations of
existing micromechanical models, which would predict at least some degree of enhancement in a
well-dispersed composite such as these [77]. The simplest of models, the rule of mixtures, can be
used to establish an upper bound on the performance of the composite because it assumes perfect
load transfer efficiency and an entirely even distribution of idealized particles that are perfectly
aligned with the tensile axis [242]. The upper-limit elastic modulus of the composite, E.,, can be

found using Equation 4.5,

Eq=vE, + (1 —vy,)E, (4.5)

where v is the volume fraction and the subscripts r and m refer to the reinforcement and matrix,
respectively. The rule of mixtures can also be used to set a lower limit expectation for these
composites by assuming that the same idealized particles are oriented entirely transverse to the
tensile axis. The lower-limit elastic modulus of the composite, E.,, can be found using Equation

4.6,

V. 1—v\*
Eep = (2 +——7) (4.5)

Conspicuously missing is any consideration of the geometry of the particles, and a more
practical distribution of particle orientation should be applied for a more realistic prediction. A
simple approach to making these considerations is assuming that the particles are thin rectangular
plates. Thus, a modified Halpin-Tsai model [243] can be applied to predict the elastic modulus of

the composite, E g, as shown in Equation 4.6,

bor = (o (F225) 4 1 - o (F22222) ), 49)

1- NLVr 1- NwVr
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where a is a constant, and n,, ny,, and ¢, are given in Equations 4.7 and 4.8:

(= (W: L) (4.7)

_ (Er/Em) -1 _ (Er/Em) -1
"= E B+ ™ T (B JEm) + 2

(4.8)
W is the width, L is the length, and t is the thickness of the graphene nanoplatelet.

Elastic modulus predictions for the nanocomposites developed in this work were made using
both models. The elastic modulus of the neat fibers was used as the matrix modulus, and several
assumptions about the GnPs had to be made. In both models, the tensile modulus of the GnPs was
assumed to be 1 TPa to provide an upper limit for the properties of these particles [4]. For the
modified Halpin-Tsai model, the particles were assumed to be square for simplicity with a side
length of 290 nm, which is the mode of the nanoparticle size distribution identified via TEM,
Figure 32c. The manufacturer’s datasheet notes that the particles are “a few nanometers” thick, so
the thickness was assumed to be 3. Finally, a is a constant used to modulate the contributions of
the longitudinal and transverse moduli of the composite, and it is commonly assumed to be 3/8 for
a 2-dimensionally dispersed fiber reinforcement, 0.184 for 3-dimensionally dispersed fibers, and
0.49 for randomly aligned platelets [244]. Precisely determining the bulk average orientation of
the graphene nanoplatelets in the experimental nanocomposite fibers produced in this work would
require the use of high-resolution computed tomography that was not available during this study.
However, assuming that the particles are as aligned with the fiber axis as the polymer crystallites
provides a convenient starting point, so the experimentally determined Herman’s orientation factor
at each concentration was used for a. The model predictions are shown in Figure 43 alongside the

experimental results.
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Figure 43. Micromechanical modeling predictions of tensile modulus for UHMWPE/GnP fibers spun
using 1,4-cineole compared to experimental data. Two models were employed: the rule of mixtures (RoM)
and a modified Halpin-Tsai model

At the upper limit, 1 wt% graphene could increase the tensile modulus of the UHMWPE by
34.4%, which is predicted to be limited to 17.2% when considering the particle geometry and
orientation using the modified Halpin-Tsai model. Although the nanocomposites underperform the
neat UHMWPE fibers, the improvement in experimental results from 0.01 wt% to 1.0 wt% GnPs,
35.8%, exceeds the total improvement predicted via the rule of mixtures.

While more detailed models include additional parameters for other geometric conditions of
the particles, such as waviness [245], or take other approaches, such as shear lag theory [77], no
micromechanical models would have predicted the decrement in performance observed in this
work. The discrepancy arises when the performance of the matrix depends on microstructural
development that is affected by the presence of the nanoparticles. It has been shown that
UHMWPE can be reinforced with unmodified GnPs in undrawn formats such as selective laser
sintering [246,247] where crystalline orientation is low and crystalline mesostructure development
is not a feature of the manufacturing process. However, in other highly drawn formats, such as
films, unmodified GnPs have a negative impact on mechanical properties much like what was

observed in the present work [233]. Unmodified GnPs are relegated to weak CH-= bonding with
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the linear polyethylene chains limiting load transfer [248,249]. At low concentrations, the
orientation of the load bearing crystallites and their crucial tie molecule interconnections are
disrupted by the presence of these poorly adhered particles due to significantly lower chain
mobility at the particle interface [250,251]. At higher GnP loading, this effect becomes an
“advantage” as the polymer molecules are limited to a degree that renders greater integration of
the nanoparticles into the molecular structure. However, UHMWPE is a composite unto itself
wherein folded- and extended-chain crystalline regions reinforce an amorphous matrix [252], and
the reduction of the reinforcing crystalline phase overcomes the benefit of the nanoparticle
reinforcement. Consequently, tailoring the GnP/UHMWPE interface via functionalization or other
means is paramount for mechanical property enhancement in highly drawn UHMWPE formats.
Furthermore, the use of higher aspect ratio nanofillers that impede polymer chain mobility less,
such as carbon nanotubes [253], may offer advantages by allowing for greater alignment of the

polymer molecules during drawing consequently allowing greater strain-induced crystallization.

4. Conclusion

In this study, 1,4-cineole was investigated as a bio-derived alternative to the petrochemical
solvents typically used for graphene dispersion and UHMWPE fiber gel spinning. Dispersions of
commercially produced GnPs in 1,4-cineole showed exceptional stability compared to other
solvents used for UHMWPE spinning, and its viscosity and surface tension properties were
presented for the first time in literature. This bio-derived solvent met only one of three criteria
conventionally used to predict graphene dispersion stability, so potential molecular interactions
explaining this phenomenon were proposed based on literature review. TEM and Raman

spectroscopy were used to show that the high shear mixing and tip-probe ultrasonication dispersion
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method resulted in sub-micron lateral size GnPs with intact graphene lattices and a minimal
increase in disorder.

UHMWPE fiber gel spinning at a commercially relevant concentration of 3 wt% UHMWPE
in the 1,4-cineole solution was successfully completed with dry extraction of the spin solvent in
air, and the spun fiber was continuously hot drawn at a ratio of 5:1. The fibers exhibited an oblong
profile with short lobes and fully densified cross section. The microstructure and mechanical
properties were commensurate with those spun using other solvents and drawn to the same degree.
UHMWPE/GnP nanocomposite fibers were formed with the GnP concentration varied across three
decades, from 0.01 wt% to 1 wt%, to search for an optimal range for mechanical property
reinforcement and study its effect on microstructural evolution in the fibers. The nanocomposite
fibers’ morphology was like their neat counterparts, and AFM was used to show that the GnPs
were well dispersed in the polymer matrix.

The addition of GnPs significantly reduced mechanical properties at low concentrations (0.01
and 0.1 wt%) but had little to no effect on the fiber microstructure. The particles act as point defects
at these concentrations, due to poor interfacial adhesion, disrupting the load transfer between the
load bearing PE crystallites. However, at 1 wt%, the mechanical properties increased significantly
compared to the lower concentration regimes. Paradoxically, at this concentration the particles
limited the axial and lateral crystallite growth as well as crystallite orientation typically induced
during drawing, which is crucial to the development of high mechanical properties. This indicates
that a percolation threshold is reached in the 1 wt% decade whereby a network effect takes hold
and reinforcement is realized. However, this reinforcement is insufficient to surpass the properties
of the neat fibers. This result shows that the 1 wt% decade may offer significant mechanical

property enhancement if greater UHMWPE/GnP interfacial adhesion can be realized.
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Chapter 5. Concluding Remarks and Recommendations
1. Summary

UHMWRPE fiber is an advanced high-performance material used in myriad applications
ranging from bulletproof vests [14] to medical implants [15] to offshore wind turbine mooring
ropes [19]. It can be converted into carbon fibers for or used directly in in lightweight fiber-
reinforced polymer-matrix composites [17,112]. Polymer composites possess low density and
high-performance mechanical properties due to the low-density matrix and reinforcement
materials used to make them. The discovery of carbon nanoparticles with outstanding mechanical
properties in the past thirty years has generated significant interest in forming nanoparticle-
reinforced composites for the same purpose as fiber-reinforced composites. With looming and
growing challenges due to climate change, such lightweight and high-performance materials will
be crucial to improving the energy efficiency and sustainability of human mobility. However,
replacing metals with composites is not a complete solution due to the expensive and
environmentally unfriendly nature of producing UHMWPE and carbon fibers as well as
nanoparticles. Contemporary carbon fiber, UHWMPE fiber, and graphene nanoparticle production
requires extensive use of non-renewable organic solvents that are harmful to human health and the
environment. Furthermore, UHMWRPE fibers are difficult or impossible to recycle. Through this
dissertation | aimed to tackle these challenges by replacing UHMWPE fiber spin solvents with
sustainable alternatives, expanding the performance envelope of UHMWRPE fiber through
nanoparticle reinforcement, and converting UHMWPE fibers into carbon fibers as a method of
reducing carbon fiber production cost or valorizing UHMWPE fiber waste. In so doing, new
understandings of the process-structure-property relationships underlying the formation of

UHMWRPE fibers using bio-derived solvents, the interaction of UHMWPE microstructure with
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graphene nanoparticles, and the crucial processing parameters for carbon fiber conversion from
PE have been generated. These contributions to the fields of UHMWPE fibers, polymer

nanocomposites, and carbon fibers are summarized here.

2. Key Contributions and Broader Impacts
2.1. Polyethylene-Derived Carbon Fibers

The search for a cost-reducing alternative precursor material for carbon fiber production
continues, but now with new knowledge regarding one of the leading candidates: PE. In Chapter
2, the hypothesis that the highly aligned microstructure of UHMWPE may lead to greater
mechanical properties in PE-derived carbon fibers was tested by searching for the optimal tension
applied during the sulfonation stabilization of the fibers prior to carbonization. It had previously
been acknowledged that optimizing tension during this phase of conversion may enhance carbon
fiber mechanical properties [110,111,113], but no test of that hypothesis had been published.
Indeed, the high performance of UHMWRPE fibers enabled the application of greater sulfonation
tension than had been applied in previous works, which resulted in significantly reduced kink-
banding, fewer defects, and greater mechanical properties. The results highlighted that tension
during sulfonation stabilization should be maximized for maximal mechanical properties, and the
increased tension did not hinder the stabilization process. Microstructural analysis revealed that
increasing stabilization tension increased the size and alignment of the crystallites in the carbon
fiber microstructure. However, this work also showed that the high alignment and crystallinity of
UHMWPE is not an advantage in the carbon fiber conversion process as the resultant carbon fibers
significantly underperformed other PE-derived carbon fibers [118] and even the UHMWPE
precursor fibers themselves. Disproving this hypothesis winnows the field of PE grades as

alternative precursors for high-performance carbon fibers, and both findings will accelerate the
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development of alternative precursors for carbon fiber development by narrowing the fields of
precursor materials and processing parameters. Additionally, the UHMWPE-derived carbon fibers
produced in this work presented an interesting opportunity. The fibers exhibited multiscale surface
features offering high surface area, which is a key characteristic of activated carbon fibers that can
be used for air and water purification. Upcycling end-of-life UHMWPE fibers into activated
carbon fibers can reduce landfill while creating materials that can capture greenhouse gasses and

remove contaminants from water.

2.2. Sustainable UHMWPE Gel Spinning

Much of UHMWPE fiber research in recent decades has focused on the optimization of the
spinning and drawing processes to maximize mechanical properties using conventional
petrochemical solvents, but only a handful of studies have probed the use of renewable spin solvent
alternatives. Only two previous studies explored dry extraction gel spinning of UHMWPE fibers
using only one naturally derived solvent, orange terpenes, and the results lacked a comprehensive
investigation of the properties of the fibers from the nano- to the macro-scale [90,91]. In Chapter
3, this gap was filled by showing that UHMWPE fibers spun using orange terpenes possess
microstructural characteristics and mechanical properties consistent with UHMWPE fibers spun
using conventional solvents and drawn to a similar degree. This shows that the fibers have the
potential to meet the properties of contemporary commercially produced UHMWPE fibers given
parametric optimization of the processing parameters and lays a foundation for realizing this by
detailing the evolution of the morphology, microstructure, and properties from as-spun to drawn
fibers. Achieving this may significantly reduce the environmental impact of UHMWPE fiber gel
spinning by replacing petrochemical solvents with renewable bio-derived solvents produced from

fruit peel waste.
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In Chapter 4, several other terpenes were identified as potential alternative bio-derived spin
solvents for UHMWPE using Hansen solubility parameters (HSP), and one, 1,4-cineole, was
successfully demonstrated while the others remain open opportunities. The mechanical properties
of the resulting fibers approached but fell short of those of the fibers spun using orange terpenes.
The fibers were found to retain some residue after dry extraction, potentially due to impurities in
the 1,4-cineole grade selected for the study, that evaporated away at temperatures above 180°C.
This residue intercalated into the crystalline structure of the fibers, likely resulting in the
depreciated mechanical properties relative to the orange terpenes-spun fibers, which had not been
previously published. The profile geometry of the orange terpenes-spun and 1,4-cineole-spun
fibers varied greatly from each other and relative to decalin-spun UHMWPE fibers showing that
the morphology formation during dry extraction gel spinning process is heavily influenced by the
solvent despite all sharing similar characteristics. This highlights that much remain to be learned
of bio-derived dry-extraction solvents for UHMWPE gel spinning and that there may be

opportunities lying in other terpenes, such as pinene.

2.3. Polymer Nanocomposites

1,4-Cineole was chosen as the spin solvent in Chapter 4 because, of thirty bio-derived
candidates, it was the option capable of dissolving UHMWPE with the greatest likelihood of
dispersing GnPs well, according to HSP. The long-term stability of 1,4-cineole/GnP suspensions
exceeded expectations despite failing two of the three criteria most commonly used to predict the
suitability of a solvent for exfoliating and dispersing graphene, HSP and surface energy [68]. The
viscosity and surface energy of 1,4-cineole had not been published before this work and will
provide researchers and engineers with crucial data for all areas of interest for 1,4-cineole, such as

conversion into a sustainable alternative to jet fuel [254]. Furthermore, this result challenges
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conventional approaches to selecting solvents for graphene dispersions and emphasizes molecular
dynamics driven understandings of the interaction between the solvent and nanoparticle. Shifting
focus towards using these tools may identify new suitable solvents previously eschewed by the
conventional evaluation framework.

Ultrasonic dissolution of UHMWPE powder into 1,4-cineole/GnP suspension resulted in a
semi-dilute solution that could be gel spun into UHMWPE/GnP fibers. GnP concentration was
varied across four decades from 0.01 wt% to 10 wt% GnP, and the 1 wt% regime was identified
as the upper limit for fiber spinning because phase separation at 10 wt% prevented the continuous
uptake of fibers with consistent dimensions. It was shown that the ultrasonic dissolution method
maintained the dispersion of the GnPs from the suspension to the polymer solution, and then to
the gel fibers thereby overcoming one of the greatest challenges in polymer nanocomposite
formation: nanoparticle agglomeration [70]. Despite being well dispersed, the nanocomposite
fibers underperformed the GnP-free control samples significantly at 0.01 wt% and 0.1 wt% GnP.
Microstructural analysis revealed that poor interfacial adhesion between the particles and
UHMWPE matrix resulted in the GnPs acting only as point defects without affecting the
microstructure of the polymer fibers at low concentration resulting in damaging effects on the
mechanical properties of the fibers. However, at 1 wt% GnP a percolation threshold was surpassed,
and the nanoparticles formed a reinforcing network that restored some of the mechanical properties
of the fibers despite hindering the movement of the polymer chains enough to impede crystallite
growth and orientation. This result challenges contemporary micromechanical modeling methods
that would otherwise predict an improvement in the mechanical properties of a well-dispersed
nanocomposite such as these and emphasizes the importance of the nanoparticle/matrix interface.

Shifting research focus towards interfacial tailoring of GnPs to UHMWPE as a result of this work
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will accelerate the development of high-performance and multifunctional UHMWPE

nanocomposite fibers.

3. Recommendations for Future Work

The ultimate result of this dissertation is the creation of a foundation for improving the
performance and sustainability of UHMWPE fibers across its lifecycle. The results of each chapter
of this dissertation present opportunities for further exploration on their own path, and cross-

cutting investigations integrating these findings arise as well.

3.1. Sustainable UHMWPE Gel Spinning

An immediate next step for gel spinning UHMWPE fibers is the parametric optimization of
the gel spinning and drawing process using orange terpenes as the spin solvent to realize the
potential demonstrated in Chapter 3. This may begin with rheological analysis of the
UHMWPE/orange terpenes solution to enable modeling and optimization of the flow conditions
in the spinning nozzle. Few publications discuss the nozzle geometry in great detail let alone probe
its effect on the flow characteristics and resulting fiber structure. Such explorations are crucial to
understanding the development of the structure and properties of other spun fibers, such as
mesophase pitch [255,256]. Establishing a relationship between the flow conditions in the spinning
nozzle and the microstructure development thereafter may enable greater control of crystallite
development towards compositions that encourage extended-chain crystal growth during drawing
thereby improving mechanical properties. Next, analyzing the gelation and crystallization kinetics
of the UHMWPE/orange terpenes solution will inform everything from the extrusion temperature
to the spin line configuration (air gap length, coagulation bath design, etc) [183].

As shown in Chapter 4, however, many bio-derived solvents could be used for UHMWPE gel

spinning, and some may offer new opportunities. For example, pinene was found to have a Hansen
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relative energy difference with UHMWRPE significantly lower than that of d-limonene (the primary
component of orange terpenes), which implies greater solubility. Pinene may enable the use of
greater concentrations of UHMWPE, which would improve throughput and consequently the
sustainability of the method by reducing total solvent volume required for processing. The thirty
bio-derived solvents reviewed for Hansen solubility parameters in Chapter 4 represent a drop in
the bucket of terpenes and other bio-solvents that could be useful for UHMWPE fiber spinning, so
broader study may uncover new opportunities. One crucial characteristic to screen for is the o
relaxation rate. Faster ac relaxation indicates greater crystalline chain mobility that results in

greater crystallinity and drawability of the fibers [257].

3.2. UHMWPE Nanocomposite Modeling

A major outcome of Chapter 4 is that more needs to be understood about the interaction of
nanoparticles and UHMWPE crystallites to be able to predict the properties of UHMWPE
nanocomposites. This will require the application of molecular dynamics simulation or advanced
micromechanical models. The former case has been well applied in other polymer nanocomposites
[64] and used to understand interchain behavior within UHMWPE [258]. In the latter case, recent
work has revealed the relationship between the various phases in UHMWPE and the axial and
transverse properties of UHMWRPE fibers [252]. Extending these works to UHMWPE/GnP
nanocomposites will enhance our understanding of the defective nature of the nanoparticles at low
concentration and network effect induced at 1 wt% GnP concentration. Such models will reveal
insights on the effects of the particle geometry in the matrix, which may indicate greater potential

in other nanoparticle morphologies such as carbon nanotubes.
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3.3. PE-derived Carbon Fibers and Activated Carbon Fibers

The results of Chapter 2 make a strong case against the pursuit of converting commercially-
produced UHMWPE fibers into carbon fibers. The carbon fibers failed to exceed the properties of
the precursor due to multiscale flaws and poor development of crystallographic structure and order
in the carbon fibers. Furthermore, the sulfonation stabilization process takes significantly longer
than for other grades of polyethylene due to the slow diffusion of sulfuric acid into the fibers due
to its high crystallinity. Finally, commercial production of UHMWPE is expensive due to the gel
spinning process and multiple drawing/conditioning steps required to achieve the high crystallinity
and order that gives them their impressive mechanical properties. However, the bio-solvent spun
fibers produced in Chapters 3 and 4 do not suffer these conditions and may offer some unique
advantages. In both cases, the fibers were drawn to fine size, less than 2 dtex for 5:1 drawn orange
terpenes-spun fibers and 5:1 drawn 1 wt% GnP 1,4-cineole spun fibers. While appreciable
crystalline microstructure was developed, it is significantly lower than that found for the much
more highly drawn commercial fibers of the same linear density, which should result in
significantly lower stabilization time. Additionally, the flat profile observed in the orange terpenes-
spun UHMWPE fibers reduces the distance from the surface to the center of the fiber, which may
further reduce stabilization time. Combining these factors with boron catalyzation to induce
graphitic structure formation during PE-carbon fiber conversion [118] may open new doors to
using this material as a more environmentally friendly precursor for high-performance carbon fiber
production. Furthermore, the results of Chapter 4 indicate that graphene nanoparticles inhibit the
motion of UHMWPE chains. While this presented a challenge for developing high-performance
UHMWPE fibers, it may also present an opportunity for UHMWPE-derived carbon fibers by

impeding the polymer molecule rearrangement during the chemical shrinkage phase of
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sulfonation. Understanding the relationship between the linear shrinkage observed in this work
and the still unknown volumetric effects during this process will be a core component of
understanding the mechanism underlying this process.

The factors that make UHMWRPE fibers difficult to melt spin also make UHMWPE difficult to
recycle like other thermoplastics. One pathway may lie in upcycling waste UHMWPE fibers into
activated carbon fibers. In Chapter 2, it was shown via SEM that UHMWPE-derived carbon fibers
exhibited high surface area due to the expansion of the microfibrillar structure of the fibers, which
is a desirable quality for effective activated carbon fibers. The activation of carbon materials for
adsorption is commonly accomplished mechanically using high temperature steam or carbon
dioxide or chemically via nitric acid, sulfuric acid, zinc oxide, or sodium hydroxide exposure
[259,260]. A major challenge of this application is the state of the UHMWRPE fibers as received at
the end of life. As shown in Chapter 2, tension is crucial to maintaining the fibrous morphology of
the fibers, and applying tension to recycled fibers may not be possible if they are not continuous.
This may not be a problem in the case of activating this material since structural properties are not

necessary in all applications for their main application as an adsorbent.
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