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Abstract

The improvement of the ultradrawing and ultimate tensile properties of high

performance fibers is the most critical and challenging one for the applications of high
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performance fibers, such as ultra high molecular weight polyethylene (UHMWPE) fibers.
This paper aims to improve the ultradrawing and ultimate tensile properties of UHMWPE
fibers by incorporating very small amounts of nanofillers during gel spinning process of
UHMWPE fibers. Activated nanocarbon (ANC), acid treated activated nanocarbon
(ATANC) and functionalized activated nanocarbon (FANC) prepared by grafting maleic
anhydride polyethylene onto ATANC, were added into the UHMWPE fibers as effective
nucleation nanofillers with specific surface areas higher than 1000 m*g”. Tt is the first
work that ANC, ATANC and FANC were used as reinforced or functional additives in
UHMWPE composite fibers to enhance their ultradrawing and/or ultimate tensile
properties. The experimental results show that the maximum achievable draw ratio
obtained for the best prepared UHMWPE/FANC fiber reaches 398 and the ultimate
tensile strength (oy) of the best prepared UHMWPE/FANC drawn fiber reaches around
7.8 GPa, when the mass fraction of FANC is 0.075 phr. They are the highest draw ratios
and o values obtained so far for UHMWPE/nanofiller composite fibers reported in the

literatures.

Key words: ultradrawing, activated nanocarbon, specific surface areas,

ultrahigh molecular weight polyethylene.
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Introduction

High performance fibers, such as ultrahigh molecular weight polyethylene
(UHMWPE) fibers have attracted lots of attention and have become one of the research
hotspots owing to its good properties, such as, low density, excellent tenacity, flexibility,
bio-compatibility properties, ultraviolet and chemical stability since the 1980s. They
have been extensively used for various application areas, such as, bulletproof vests, safety

textiles, luggage weaving, marine ropes and high strength composite materials. Ultra

40-41 4243

high molecular weight polyethylene'>, Polypropylene and Poly(vinyl alcohol)
fibers are typical high performance fibers produced using the gel spinning processing
method from flexible polymer chains. The key element in obtaining high-strength
UHMWPE fibers is to find a way to draw the as-prepared gel specimens to an ultrahigh
draw ratio after the gel spinning process. The drawability of the as-prepared gel fibers
was found to depend significantly on the compositions of gel solutions®"*, cooling

2, 10, 16, 21, 24-30

temperatures used in the air atmosphere after gel spinning and drawing

conditions used after preparation of the as-prepared fibers* *-10- 151922,

Our recent investigations”'3 ¥ found that inorganic or organic nanofillers with
extremely high specific surface areas can act as efficient nucleation sites and significantly
improve the achievable draw ratios and ultimate tenacity properties of nanofillers filled
UHMWPE fibers. In which, nanofillers (e.g. carbon nanotube>'? 5, attapulgite3 6, nanosilica,

modified nanosilica® and modified bacterial cellulose nanofillers™) with extremely high

specific surface areas (= 150 m’g™) can serve as efficient nucleation sites and facilitate

the crystallization of UHMWPE molecules into crystals but with lower melting
temperatures and/or evaluated smaller crystal thickness values during their crystallization
processes. In fact, the ultimate tensile strength values of the UHMWPE/purified

attapulgite, UHMWPE/functionalized carbon nanotube, UHMWPE/functionalized
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nanosilica and UHMWPE/modified bacterial cellulose drawn fibers prepared using

one-stage drawing process at 95 C can reach 4.7, 5.8, 7.0 and 7.1 GPa, respectively,

which is about 1.74, 2.15, 2.59 and 2.63 times of that of the corresponding UHMWPE
drawn fibers prepared at the same optimal UHMWPE concentration, cooling and drawing
condition but without incorporation of any modified nanofiller.

In contrast to carbon nanotubes, bacterial cellulose nanofibers or nanosilica particles,
activated nanocarbons (ANC) are commercially available nanoparticles with even higher
specific surface areas than those nanoparticles used in our previous investigations® ~®.
Some commercially available ANC particles are reported to have specific surface areas
higher than 1000 ng'1,44 which are the highest specific surface areas commercially
available in the market of nanoparticles. Owing to their well-developed internal surface
and excellent electrical conductivity, activated nanocarbons are commonly used as

adsorbent or electrode materials in numerous applications45 9

However, activated
nanocarbons have never been used as reinforced or functional additives in UHMWPE
composite fibers to enhance their ultradrawing and/or ultimate tensile properties. In this
study, acid treated and functionalized activated nanocarbon (ATANC, FANC) particles
were used as an efficient nucleation agent to improve the ultradrawing and ultimate
tensile properties of UHMWPE/ATANC and UHMWPE/FANC fibers. The achievable
draw ratios of UHMWPE/ATANC and UHMWPE/FANC as-prepared fibers approached
a maximal value as their ATANC and FANC contents reached an optimal value,
respectively. In which, the maximal achievable draw ratios obtained for
UHMWPE/FANC as-prepared fiber specimens and ultimate tensile strength values of
UHMWPE/FANC drawn fiber specimens are even higher than those of

UHMWPE/purified attapulgite, UHMWPE/modified bacterial cellulose,

UHMWPE/functionalized carbon nanotube and UHMWPE/functionalized nanosilica fiber
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specimens prepared at their optimal nanofiller contents, respectively, in our previous

investigations3 138,

Specific surface area, morphological and Fourier transform infrared
analyses of the ANC, ATANC and FANC particles and investigations on thermal, dynamic
mechanical, orientation factor and ultimate tensile properties of the as-prepared and/or
drawn UHMWPE/ATANC and UHMWPE/FANC fiber specimens were performed to

understand the above improved ultradrawing and ultimate tensile properties of the

UHMWPE/ATANC and UHMWPE/FANC as-prepared fiber specimens.
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Experimental
Materials
The UHMWPE GUR-4120 resin used in this study is associated with a

weight-average molecular weight (Mw) of 5.0x10° which was kindly supplied by

Celanese (Nanjing) Diversified Chemical Corporation located in Nanjing, China. The
activated nanocarbon (ANC) HN-60 used in this study were purchased from Shanghai
Hainuo Charcoal Corporation from Shanghai, China. Approximate 1200 ng'l was quoted
as the specific surface area for ANC particles by Shanghai Hainuo Charcoal Corporation.
Maleic anhydride grafted polyethylene (PEg.man) resin was used to modify ATANC
particles, where PEgman resin was purchased from Langfang Plastic Corporation,

Langfang, China.

Sample preparation
One-tenth gram of ANC was dispersed and modified in 100 ml of concentrated

H,SO4/HNOj3 (1:3 v/v) solution at 140 C for 40 minutes under stirring condition. The
acid treated ANC (ATANC) particles were then dried in a vacuum oven at 100 ‘C for 12

hours. The functionalized ANC (FANC) particles were then prepared by grafting PE, man
molecules onto the ATANC particles in ultrasonicated mixtures of decalin, ATANC and

PEg manat 170 ‘C for 1 hour. The functionalized ANC particles prepared above will be

referred to as FANC™ particles in the following discussion. In which, the superscript x
denotes the weight ratio of PEgnman to ATANC used in the preparation processes of
FANC™ particles. The sample designations of FANC™ and weight ratios of PEg.man to
ATANC used in the functionalizing experiments of FANC™ particles are summarized in
table 1.

Varying contents of ANC, ATANC and FANC™ particles together with UHMWPE
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resin were dispersed and/or dissolved in decalin at 135 °C for 1.5 hours, respectively, in

which 0.1% di-t-butyl-p-cresol was added as an antioxidant. @~ The UHMWEPE,
UHMWPE/ANC, UHMWPE/ATANC and UHMWPE/FANC™ gel solutions prepared
above were then fed into a temperature-controlled hopper and kept as hot homogenized
gel solutions before spinning. Detailed experimental procedures for preparation of
UHMWPE (F;0), UHMWPE/ANC (F;00ANC,), UHMWPE/ATANC (F;00ATANC,), and
UHMWPE/FANC™ (F;0)FANC™,) as-prepared fibers were reported in our previous
investigations®'®. In which, the subscript 100 denotes one hundred parts of UHMWPE
resins used in the as-prepared fibers; the superscript x denotes the weight ratio of PEg.man
to ATANC used in the preparation processes of FANC™ particles; the subscript y denotes
parts of ANC, ATANC, or FANC™ particles used in per hundred parts of UHMWPE
resins. Table 2 summarized designations of typical UHMWPE, UHMWPE/ANC and
UHMWPE/ATANC and UHMWPE/FANC™ as-prepared fiber specimens and the

corresponding compositions of gel solutions used in the gel spinning processes.

Fourier transform infrared spectroscopy
Fourier transform infrared (FT-IR) spectroscopic measurements of the PEgnvan, ANC,
ATANC and FANC™ specimens were recorded on a Nicolet Avatar 360 FT-IR

spectrophotometer at 25 °C, wherein 32 scans with a spectral resolution 1 cm™ were

collected during each spectroscopic measurement. FT-IR analyses of the ANC, ATANC
and FANC™ particles were performed only to reveal the qualitative but not the exact
amount of functional group anchored on the above particles. Infrared spectra of the
PE,man, ANC, ATANC and FANC™ film specimens were determined using the
conventional KBr disk method. Decalin, alcohol, alcohol and decalin solutions

containing PE,man, ANC, ATANC or FANC™ particles, respectively, were cast onto KBr
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disk and dried at 60 ‘C for 30 minutes. The cast films used in this study were prepared

sufficiently thin enough to obey the Beer-Lambert law.

Morphological analysis

In order to observe the morphology on the surfaces of ANC, ATANC and FANC™
particles prepared in the ‘“Materials and Sample Preparation” section, the ANC and
ATANC particles were dispersed in alcohol, while FANC™ particles were dispersed in
decalin to have a better dispersed morphology before examination. Before morphological
analyses, ten micrograms of ANC, ATANC and FANC™ particles were added and

ultrasonicated in 10 ml alcohol, alcohol and decalin at 25 ‘C for 5 minutes, respectively.

The dispersed particles were then dried onto a carbon-coated copper grid under ambient
conditions prior to morphological analyses. The cast ANC, ATANC and FANC™ particles
were then examined using a Philip transmission electron microscope (TEM) model Tecnai

G20 operated at 100 kV.

Specific surface area analysis

A Laser Particle Size Analyzer model BT-9300H (Dandong Bettersize Instruments
Corporation, Dandong, China) was used to study the specific surface areas of the ANC,
ATANC and FANC™ particles. Before analyses, ten micrograms of ANC, ATANC and
FANC™ particles were added and ultrasonicated in 10 ml alcohol, alcohol and decalin at
25 C for 5 minutes, respectively. The specific surface areas of ANC, ATANC and
FANC™ particles were then measured by placing the ultrasonicated solutions prepared

above in the curette of the Laser Particle Size Analyzer at 25 C.

Thermal and orientation factor analysis
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The thermal properties of as-prepared fiber specimens were performed on a Du Pont
differential scanning calorimeter (DSC) model 2000. All scans were carried out at a

heating rate of 20 ‘C/min under flowing nitrogen at a flow rate of 25 ml/min. Samples

weighing 0.5 mg and 15 mg were placed in the standard aluminum sample pans for
determination of their melting temperature (7,,) and percentage crystallinity (X.) values,
respectively. The X, values of the as-prepared fiber specimens were estimated using

baselines drawn from 40 to 160°C and a perfect heat of fusion of polyethylene of 293 J/g

[50]. With the base line drawing from 60 to 160°C and 15 mg of testing specimens, the error
in estimating X, is around +0.5%. In contrast, the error in determination of the melting
temperatures of the as-prepared fiber specimens using 0.5 mg can be reduced to about +0.1°C,
since the effect of thermal lag resulted from thermal insulation of UHMWPE resins during the
DSC heat scanning experiment is significantly reduced.

In order to understand the ultradrawing properties of UHMWPE, UHMWPE/ATANC
and UHMWPE/FANC™ as-prepared fiber specimens, the lamellar thickness (1) values of
the above as-prepared fibers were evaluated from their 7, values using Hoffman and
Week’s equation™ ! given in eq. (1). In which, an equilibrium melting temperature (T.3)

of 145.5 “C, a perfect heat of fusion (AH?) of 293 J- g'1 and a folded surface free energy (o.)

of 9x10° J.cm™ of polyethylene crystals” were used for evaluation of I. values of

UHMWPE, UHMWPE/ANC, UHMWPE/ATANC and UHMWPE/FANC™ as-prepared

fiber specimens.

20¢
T =Ta |1 - ey (1)

The orientation factor (f,) values of UHMWPE, UHMWPE/ATANC and
UHMWPE/FANC™ as-prepared and drawn fiber specimens were measured using a sonic

velocity orientation instrument model SCY-III, which was purchased from Donghuakaili
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Chemicals and Fiber Technology Corporation, Shanghai, China. Before testing, the fiber
specimen with 60 cm in length was wound and clamped on a testing device with a span of
40 cm. The f, values of the as-spun and drawn fiber specimens were then measured at 25

‘C. A minimum of five samples of each specimen were tested and averaged during the

orientation measurements. The f, values were evaluated using eq. (2) as suggested by Xiao
and coauthors™:

fi=1-(Cu Oy 2)

where C is the sonic velocity of the as-prepared or drawn UHMWPE fiber specimen and

C, is the sonic velocity of the fully unoriented sample, taken as 1.65 km/s**.

Dynamic mechanical properties
A TA dynamic mechanical analysis (DMA) unit model Q800 was used to study the
mechanical relaxation of the as-prepared fiber specimen. All DMA experiments were

operated at a frequency of 1 Hz, a heating rate of 2 ‘C/min and in a temperature range

from -150 to 150 C.

Drawing and tensile properties of the fiber specimens

The UHMWPE, UHMWPE/ANC, UHMWPE/ATANC and UHMWPE/FANC™ fiber
specimens used in the drawing experiments were cut from the dried as-prepared fibers and
then stretched on a Gotech tension testing machine model GT-TFS-2000 equipped with a
temperature-controlled oven. The fibers are 20 mm in length, which were wound and
clamped in a stretching device and then stretched at a crosshead speed of 20 mm/min and

at a constant temperature of 95 ‘C. The draw ratio of each fiber specimen was

determined as the ratio of the marked displacement after and before drawing. The

marked displacement before drawing was 27 mm. The tensile properties of the

10
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as-prepared and drawn fibers were determined using a Hung-Ta tension testing machine
model HT-9112 at a crosshead speed of 20 mm/min. A minimum of five samples of each

specimen were tested and averaged during the tensile experiments.

11
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Results and Discussion
Fourier transform infra-red spectroscopy

Fig. 1 illustrates typical Fourier transform infra-red (FT-IR) spectra of ANC,
ATANC, FANC™ and maleic anhydride grafted polyethylene (PEq.man) specimens. As
shown in Fig. la, three distinguished absorption bands centered at 1380, 1690 and 3443
cm’ corresponding to the motions of methyl -CHj3 bending vibration, carboxylic C=0

and -OH stretching vibrations™ >

, respectively, were found in the spectrum of the ANC
specimen. The PEgman specimen exhibited two distinctive absorption bands centered at
1710 and 1791 cm™, which were generally attributed to the motion of O-C=0 and C=0

stretching vibrations of maleic anhydride®

(see Fig. 1h). After etching by
H,SO4/HNO; solutions (1:3 v/v) for 40 minutes, the magnitudes of C=0 and -OH
stretching bands shown on FT-IR spectrum of ATANC specimen are significantly larger
than those of the ANC specimen, (see Figs. 1a and 1b). Presumably, the significant
increase in the magnitude of C=0O and -OH stretching bands observed for ATANC
specimens is attributed to the newly added C=0 and -OH functional groups exposed on
etched surfaces of ATANC particles after acid treatment by H,SO4/HNO3 solutions (1:3
v/v) for 40 minutes. After modification with PE,.man, the peak magnitudes corresponding
to C=0 and -OH stretching bands of FANC specimens reduced significantly as the weight
ratios of PE,man to ATANC increased (see Figs. 1c to 1g). In fact, as shown in Figs. le
to 1g, the C=0 and -OH stretching band originally present in ANC and/or ATANC
specimens disappeared almost completely as the weight ratios of PEgman to ATANC of
FANC specimens were equal to or more than 12.5. In the meantime, a new absorption
band centered at around 1268 cm™ corresponding to the motion of ester C-O stretching

vibration® was found in the spectra of FANC™, FANC™° FANC™?3, FANC™" and

FANC™ specimens (see Figs. 1c to 1g). In contrast, the absorption bands centered at

12
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1710 and 1791 cm™ corresponding to the motion of C=0 and O-C=O0 stretching vibrations
of maleic anhydride gradually reappeared as the weight ratios of PEgvan to ATANC were
equal to or more than 15. Presumably, the gradual disappearance of C=0O and -OH
stretching bands and newly developed ester C-O stretching bands of FANC™ specimens
is attributed to the reaction of the carboxylic and hydroxyl groups of ATANC specimens
with the maleic anhydride groups of PEgman molecules during their functionalized
processes. The reappearance of O-C=0 and C=0 stretching bands of maleic anhydride
groups is most likely due to the over-dosage of PEgman during the functionalized

processes of FANC™ specimens.

Morphological analysis of the original, acid treated and functionalized activated
nanocarbons

Fig. 2 exhibits typical TEM micrographs of original, acid treated and functionalized
activated nanocarbon (ANC, ATANC and FANC™) specimens. Typical irregular particle
feature with dimensions of 20-120 nm in diameter was observed for the original ANC
specimen (see Fig. 2a). After etching by H,SO4+/HNOj; solutions (1:3 v/v), a generalized
rupture of ANC particles with dimensions of 10-60 nm in diameter, and the irregular ANC
particles were significantly etched into broken and even smaller nanoparticles (see Fig.
2b). After being modified by PE,.man, some translucent resins were found attaching on
the surfaces of ANC particles, wherein the amounts of attached translucent resins
increased gradually as the weight ratios of PEgnman to ATANC increased (see Figs. 2c to
2g). As evidenced by FT-IR analyses in the previous section, the attached translucent
resins were most likely the grafted PE,van molecules, which were firmly bonded to
ATANC nparticles by the reaction of the maleic anhydride groups of PE,man molecules
with the carboxylic and hydroxyl groups of the ATANC particles. In fact, the translucent

resins were found fully surrounding and overwrapping on ATANC particles, as the weight

13
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ratios of PEg.man to ATANC are greater than 12.5.

Specific surface area analyses of ANC, ATANC and FANC™ particles

The values of specific surface areas of ANC, ATANC and FANC™ particles are
summarized in table 1. The specific surface area of the ANC particles reached an
extraordinary high value at 1047.4 m*g™. After acid treatment, the specific surface area of
ATANC particles increased further to 1056.8 m*-g™'. This increase in specific surface area
is attributed to newly exposed surfaces created on ATANC particles after etching by
H>SO4/HNO3 solutions (1:3 v/v) for 40 minutes. After modification by PEgman, the
specific surface areas of FANC™ specimens increased significantly with the increase in
weight ratios of PEg man to ATANC and reached a maximal value at 1098.6 m*-g™" as the
weight ratios of PEg.man to ATANC approached an optimal value at 12.5. In contrast, the
specific surface areas of the FANC™ specimens reduced from 1098.6 to 1071.3 and 987.4
mz-g'l, as the weight ratios of PE,.man to ATANC increased from 12.5 to 15 and 20,
respectively. Presumably, the beneficial effect of PE,man contents on specific surface
areas of FANC™ specimens is attributed to the increase in grafted amounts and specific
surface areas of PEgman on ATANC specimens during their functionalized processes.
However, PE, vman molecules may agglomerate, bundle, entangle together and overwrap
the ATANC particles, as PE, van molecules are superfluous and can no longer graft onto
the ATANC nanoparticles. As evidenced by the morphology analysis in the previous
section, some translucent resins were found fully surrounding and overwrapping on
ATANC particles, as the weight ratios of PE,.van to ATANC were equal to or more than
15. Based on this premise, it is reasonable to infer that the overwrapped ATANC particles
exhibit relatively lower specific surface areas than those FANC™ particles grafted with

proper amounts of PEg yap resins.

14
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Thermal properties of the as-prepared fibers
The melting temperature (7,,), crystallinity percentage (X.) and evaluated lamellar
thickness (/.) values of UHMWPE (F;o0)), UHMWPE/ATANC (F;p0)ATANC,) and

UHMWPE/FANC (F;00FANC™,) as-prepared fiber specimens are summarized in table 2.

A main melting endotherm with a T,, and X, at 142.7 "C and 65.1%, respectively, was

found for the UHMWPE as-prepared fiber specimen (i.e. Fjop specimen). After
incorporation of ATANC and/or FANC™ particles in UHMWPE, T, (or evaluated [.)
values of F;o0ATANC, and FlooFANCme as-prepared fiber series specimens reduced to a
minimal value, but X, values increased to a maximal value, as their ATANC and/or FANC
contents reached 0.1 and 0.075 phr, respectively. In which, the 7,, (or /) values of
F100FANC™, as-prepared fibers were significantly lower, but X, values of F;oo)FANC™,
as-prepared fibers were significantly higher than those of the corresponding F;9p0ATANC,
as-prepared fibers with the same ATANC contents but without being functionalized. For

instance, T,, values of FIOOFANCmSy as-prepared fibers reduced from 142.7 °C to 138.7
‘C and to 137.7 C, but X, values increased from 65.1% to 69.3% and to 72.6%, as their

FANC™ contents increased from 0 to 0.025 and 0.075 phr, respectively. Moreover, it is
worth noting that FmoFANlez'So_ms as-prepared fibers exhibited lower T, (or [.) but
higher X, values than those of other FjooFANC™ 75 as-prepared fibers prepared with
0.075 phr optimal FANC content but modified with weight ratios of PE;yman to ATANC
other than the optimal value at 12.5 (see table 2).

As evidenced by specific surface area and TEM analysis in the previous sections, the
ATANC and FANC particles have extremely high surface areas per volume, which make
them in close proximity to a large fraction of the UHMWPE matrix. Apparently, even

very small contents of dispersed ATANC and FANC particles can serve as efficient

15
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nucleation sites for UHMWPE molecules during their gel-spinning processes. These
efficient nucleation sites of ATANC and FANC particles then facilitate the crystallization
of UHMWPE molecules into crystals with thinner lamellar thickness and/or lower melting
temperature values during their crystallization processes. In which, properly
functionalized FANC particles with even higher specific surface areas are likely to
disperse better in UHMWPE and serve as more effective sites for nucleation of
UHMWPE molecules during their gel spinning processes than ANC and/or ATANC
particles without being functionalized. As a consequence, F1o)FANC™, as-prepared fibers
exhibit significantly higher X, but lower T, (or evaluated [.) values than those
corresponding Fp0ATANC, as-prepared fibers prepared with the same ATANC contents

but without grafting with PEg van.

Orientation factor analysis of the as-prepared and drawn fiber specimens

Typical orientation factor (f,) values of Fjo, Fig0ATANCy and F;o0FANC™,,
as-prepared and drawn fiber specimens are summarized in Fig. 3. No significant
difference in f, values was found for Fio, Fiopo)ATANC, and FlooFANCme as-prepared
fiber specimens. As expected, f, values of Fjgy, Figo)ATANC,, and FlooFANmey fiber
specimens increased consistently as their draw ratios increased. After addition of
ATANC and/or FANC™ particles, the f, values of drawn Fi00ATANC, and/or
FmoFANCmXy fiber specimens were significantly higher than those of drawn Fiy fiber
specimens with the same draw ratios. The f, values of drawn F;o0ATANC, fiber specimens
with a fixed draw ratio reached a maximal value as their ATANC contents approached an
optimal value at 0.1 phr. Similarly, f, values of each drawn F;o0)FANC™, fiber series
specimens reached a maximal value as their FANC™ contents approached an optimal

value at 0.075 phr. In which, the f, values of F;ogo)FANC™ ;5 drawn fiber specimens

16
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with 0.075 phr optimal FANC content were significantly higher than those of
F100ATANCj; drawn fiber specimens with the same draw ratios but with 0.1 phr optimal
ATANC content. Moreover, the maximal f, values obtained for drawn FjooFANC™ 75
fiber specimens prepared at 0.075 phr optimal FANC™ content reached another maximal

value as the weight ratios of PE, van to ATANC approached an optimal value at 12.5.

Achievable draw ratios of the as-prepared fiber specimens

Fig. 4 summarized the achievable draw ratio (D,,) values of Fjo, FiopoATANC, and
Fi00)FANC™, as-prepared fiber specimens prepared at varying ATANC and FANC
contents, respectively. For comparison purposes, D,, values of the best prepared
UHMWPE/functionalized carbon nanotube (UHMWPE/FCNT) and UHMWPE/
functionalized bacterial cellulose (UHMWPE/FBC) as-prepared fiber specimens obtained

in our previous investigations*> **

were also included in Fig. 3. In which, bacterial
cellulose nanofibers and carbon nanotubes are nanofillers with relatively high but
significantly lower specific surface areas than that of the ANC particles used in this study
(393.7 m*g" and 100.5 m*g" vs. 1047.4 m*g™"). After addition with ATANC and/or
FANC™ particles in UHMWPE, D,, values of both F;0)ATANC, and F;p0FANC™,
as-prepared fiber specimens reach a maximal value as their ATANC and/or FANC™
contents approach an optimal value at 0.1 and 0.075 phr, respectively, wherein the
maximal D,, values obtained for FiogFANC™ 75 as-prepared fiber specimens prepared at
varying PE,man/ATANC weight ratios are significantly higher than the maximal D,,
values obtained for the F;g0ATANC, ; as-prepared fiber specimen prepared at 0.1 optimal
ATANC content, respectively (see Fig. 4). It is worth noting that the maximal D,, value

obtained for the best prepared FmoFANlez'So_ms as-prepared fiber specimen prepared at

0.075 phr optimal FANC™?’ content are significantly higher than those of other

17
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F100FANC™ g75 as-prepared fiber specimens prepared with weight ratios of PE; man to
FANC™ other than the optimal value at 12.5. As shown in Fig. 4, the maximal D,, value
obtained for FmoFANlez‘So_ms as-prepared fiber specimen is about 4.5, 3.0 and 2.1 times
of those of the best prepared UHMWPE, UHMWPE/FCNT and UHMWPE/FBC
as-prepared fiber specimens prepared with the optimal FCNT and FBC contents.

As evidenced by thermal and lamellar thickness analyses, the T, and/or evaluated [,
values of Fio0ATANC, and FlooFANmey as-prepared fiber specimens reduce significantly
with the increase in ATANC and FANC™ contents, respectively, although the amounts of
crystals with lower T, and/or evaluated /. values increase significantly as the ATANC
and/or FANC™ contents increase to an optimal value, respectively. Presumably, these
crystals with lower T, and/or evaluated /. values can be melted and/or pulled out of folded
lamellar crystals relatively easily during the ultradrawing processes, and hence, results in
higher drawability and orientation of the FooATANC, and F;o0FANC™ fiber specimens.
However, the amounts of coagulated ATANC and/or FANC™ particles are likely to
increase significantly when their ATANC and/or FANC™ contents are higher than certain
values, respectively. These coagulated ATANC and/or FANC™ particles can slide
against each other and serve as the defects for stress concentration during the drawing
processes of FiooATANC, and FlooFANmey as-prepared fiber specimens, and hence, lead
to an early breakage and/or significant reduction in D,, values of the resulted drawn fibers.
Based on these premises, it is reasonable to understand that the D,, values of F;0ATANC,
and Foo)FANC™, as-prepared fiber specimens reduce significantly when their ATANC

and/or FANC™ contents are higher than the specific optimal value, respectively.

Dynamic mechanical properties of the as-prepared fiber specimens

Fig. 5 summarized the temperature dependence of the storage modulus (E") and tan &

18
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of Figo and FlooFANlez'Sy as-prepared fiber specimens. Three distinct transitions (i.e. a-,

B- and y- transitions) were observed at temperatures near 90 to 130°C, -45 to -15 ‘C and
-120 °C in the tan & curves of Foy and FlooFANlez‘sy as-prepared fiber specimens,

respectively. It is interesting to note that the a- and f- transition temperatures of the

FlooFANlez'Sy as-prepared fiber specimens reduce significantly from 130 to 90 ‘C and
-15 to -45 “C, respectively, as their FANC™?? contents increase from 0 to 0.075 phr. At

FANC™?? contents = 0.075 phr, a- and f-transition temperatures of FmoFANCmU'Sy

as-prepared fiber specimens increase significantly from 90 to 100 °C and -45 to -30 C,

respectively, as their FANC™?? contents increase from 0.075 to 0.125 phr. In contrast,

Cm12‘5

the p-transition temperatures of FjooFAN y as-prepared fiber specimens remain

Cm12.5

relatively unchanged as their FAN contents increase from 0 to 0.075 and 0.125 phr.

The relaxation processes of melt-crystallized polyethylene resins with regular

d56-64

molecular weights have been extensively studie . The p- and y-transitions at

temperatures near -20 and -120 °C are attributed to the motion of branches®*® and the

crankshaft motion of short polymer segments requiring a minimum of three methylene

58, 63, 64

units in the amorphous matrix, respectively. In contrast, the a-transition at

temperatures near 40-60 “C is generally ascribed to motions or deformations in the
interfacial region (tie molecules, loops, folds, etc.), that originate from chain mobility in
the crystals®. Based on these premises, the transitions found at peak temperatures near
-120 °C can be attributed to the y-transition of UHMWPE molecules of the Fjqy and
FlooFANlez'Sy as-prepared fiber specimens with varying FANC™'*” contents.

The transitions that occurred at peak temperatures near 90 to 130 °C are attributed

to the molecular motions associated with the a-transitions of UHMWPE molecules,

although the observed transition temperatures are significantly higher than the o-transition
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temperatures of melt-crystallized polyethylenes with regular molecular weights.
Presumably, the particularly high o-transition temperatures found for Fjo0 and
FmoFANlez'sy as-prepared fiber specimens are possibly due to their specific interfacial
microstructures crystallized from UHMWPE and/or UHMWPE/FANlez'Sy gel solutions.
The molecular motions or deformations in the interfacial region originated from
UHMWPE crystals may be much more difficult than those originated from
melt-crystallized polyethylene crystals with regular molecular weights, because the
restrained chain mobility resulted from extraordinary long UHMWPE molecules in the
crystal and interfacial regions are much higher than those from regular polyethylene
molecules. On the other hand, as evidenced by DSC analysis, melting temperatures of
the FmoFANlez'Sy as-prepared fibers reduce significantly to a minimal value as their
FANC™?? contents reach the optimal value at 0.075 phr. The molecular motions or
deformations in interfacial regions of the possibly less perfect UHMWPE crystals with
lower melting temperatures of FANC™?? contained FIOOFANlez‘Sy as-prepared fiber

specimens are expected to be relatively easier than those resulted from the boundary

regions of more perfect UHMWPE crystals with significantly higher melting temperatures.

As a consequence, the lowest temperature is required to motivate the molecular motions
of UHMWPE resulted from a-transitions of the FlooFANCm12'50,075 as-prepared fiber
specimens prepared at the optimal FANC™*? content at 0.075 phr.

Finally, the transitions found at peak temperatures near -45 to -15 C of
FmoFANlez'sy as-prepared fiber specimens are most likely due to the molecular motions
associated with the S-transitions of UHMWPE molecules, although some of the
[-transition temperatures are significantly lower than the f-transition temperatures (c.a.

-20 C) generally found for melt-crystallized polyethylenes with regular molecular

weights™ %% As mentioned previously, even small contents of activated nanocarbon
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particles can serve as efficient nucleation sites and facilitate the crystallization of
UHMWPE molecules into possibly poor crystals with low melting temperatures during

the gel-spinning processes of FiooFANC™??

y fibers. Presumably, during such rapid
nucleation processes, the UHMWPE molecules (especially in the branch parts) remaining
in the amorphous regions may solidify and pack relatively randomly without being well
structured. Accordingly, it is reasonable to understand that the branch motions derived
from the amorphous regions of F;go)FANC™?? y as-prepared fiber specimens become much

Cm12.5

easier, when they were prepared at the optimal FAN contents at 0.075 phr.

Tensile properties

Tensile strength (o) and modulus (E) values of Fjg, Fioo)ATANC, and FlooFANCmXy
as-prepared fiber specimens prepared at varying draw ratios are illustrated in Fig. 6. For
comparison purposes, oy and E values of the best prepared UHMWPE/functionalized
carbon nanotube (UHMWPE/FCNT) and UHMWPE/functionalized bacterial cellulose
(UHMWPE/FBC) as-prepared fiber specimens obtained in our previous investigations [33,
38] were also summarized in Fig. 6. As expected, oy and E values of the drawn Fjgo,
UHMWPE/FCNT, UHMWPE/FBC, F;o0ATANCy and F;o©FANC™, fiber specimens
improve consistently as their draw ratios increase. It is worth noting that ¢ and E values
of the best prepared UHMWPE/FCNT, UHMWPE/FBC drawn fiber specimens and/or
any Fi00ATANC, and FlooFANCm"y drawn fiber specimens are significantly higher than
those of the corresponding drawn Fjqo fiber specimen with the same draw ratio but
without addition of any nanofiller. In which, oy and E values of the drawn F;oo)FANC™,
fiber specimens are significantly higher than those of the best prepared UHMWPE/FCNT
or UHMWPE/FBC drawn fiber specimens with the same draw ratios but without addition

of FANC™ particles with extraordinary high specific surface areas. Similar to those
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found for their f, values, oy and E values of each drawn F;o0)ATANC, and FlooFANCm"y
fiber series specimens with a fixed draw ratio approach a maximal value as their ATANC
and FANC™ contents near an optimal value at 0.1 and 0.075 phr, respectively. In which,
the maximal oy and E values of Figo)FANC™ 75 fiber specimens are significantly higher
than that of the Fi90ATANC, | fiber specimen with the same draw ratios and contents of
ATANC particles without grafting with PE,.man resins.  Moreover, it is worth noting that
the maximal oy and E values obtained for the drawn FlooFANCm12'50,075 fiber specimens
are significantly higher than those of other FiooFANC™ ;5 fiber specimens prepared at
the same draw ratio and 0.075 phr FANC™ content but modified with weight ratios of
PE,man to ATANC other than the optimal value at 12.5. As shown in Fig. 6, the
ultimate tensile strength value of the best prepared F100FANC™?%) ;5 drawn fiber

prepared using one-stage drawing process at 95 ‘C reached 7.8 GPa, which is about 2.9,

1.34 and 1.1 times of those of the best prepared UHMWPE, UHMWPE/functionalized
CNT and UHMWPE/modified bacterial cellulose drawn fibers, respectively, that were
prepared at the same optimal UHMWPE concentration and drawing condition but without
or addition of nanofillers with significantly lower specific surface areas.

The mechanical properties of the drawn specimens are generally believed to depend
mainly upon the degree of orientation of the drawn specimens as their molecular weights

are constant23’ 65.

As evidenced by the orientation analysis in the previous section, at a
fixed draw ratio, the f, values of Fjg0ATANC,; and F;oo0FANC™( ;5 drawn fiber
specimens prepared at the optimal ATANC and FANC™ contents, respectively, are always
higher than those of other F;p0ATANC, and/or FlooFANmey drawn fiber specimens
prepared with ATANC and/or FANC™ contents deviating from their optimal values,

respectively. In which, the f, values of the FlooFANCm12'50,075 drawn fiber specimens are

always higher than those of other FjgoFANC™ 75 drawn fiber specimens prepared with
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the same draw ratios and FANC™ contents but modified using weight ratios of PE; maH to
ATANC other than the optimal value at 12.5. These results clearly suggest that a good
orientation of UHMWPE molecules along the drawing direction positively affects the
tensile properties of the Fjog, Fi9oATANC, and FIOOFANCme fiber specimens. Excellent
orientation and ultimate tensile properties of the UHMWPE/nanofiller fibers can be
prepared by ultradrawing the F;oo)FANC™, as-prepared fibers with optimal contents of
FANC™ particles well dispersing in the as-prepared fibers. In fact, the best prepared
FlooFANlez'Soms dawn fibers filled with nanoparticles with extraordinary high specific
surface area (c.a. 1100 m?*/g) exhibited an extremely high or value at 7.8 GPa, which is
the highest oy value obtained so far for UHMWPE/nanofiller composite fibers prepared
in our investigations3 138 This value is about 190%, 34% and 10% higher than those of the
best prepared UHMWPE, UHMWPE/functionalized CNT and UHMWPE/modified
bacterial cellulose drawn fiber specimens, respectively, prepared in our previous
investigations. Apparently, well dispersed functionalized nanofillers with higher specific
surface areas in UHMWPE/functionalied nanofiller fibers can positively affect their

ultradrawing, orientation and ultimate tensile properties.
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Conclusion

This investigation presents a novel way to improve the ultradrawing and ultimate
tensile properties of UHMWPE fibers by incorporating very small amounts of nucleation
nanofillers during the gel spinning process of UHMWPE fibers. Original, acid treated and
functionalized activated nanocarbons with specific surface areas higher than 1000 m’ g'l
were added into the UHMWPE fibers as effective nucleation nanofillers for the first time
in the literature. As a result, 7,, and evaluated [. values of F;oATANC, and
FlooFANCme as-prepared fiber series specimens reduce, but X, values increase
significantly as their ATANC and FANC™ contents increase to an optimal value at 0.1
and 0.075 phr, respectively. The FmoFANlez'Sy fiber specimens exhibit an extraordinarily
high a- but low p-transitions, in which the peak temperatures of a- and f-transitions
reduce significantly when their FANC™'*? contents increase to an optimal value at 0.075
phr. Similar to the improvement in the achievable draw ratios of F;o0ATANC, and
F100FANC™, as-prepared fibers, the f,, oy and E values of Figo)ATANCy and F,o0)FANC™,
drawn fibers with a fixed draw ratio approached a maximal value as the ATANC and
FANC™ contents reached an optimal value at 0.1 and 0.075 phr, respectively. The best
prepared F1o0FANC™??) 75 dawn fiber filled with FANC™?’ particles of the highest
specific surface area (c.a. 1100 m*/g) yield an extraordinary high ultimate or at 7.8 GPa,
which is the highest oyvalue reported so far in the literature. This value is about 190%,
34% and 10% higher than those of the best prepared UHMWEPE,
UHMWPE/functionalized CNT and UHMWPE/modified bacterial cellulose drawn fiber
specimens, respectively, prepared in our previous investigations. These results clearly
suggest that well dispersed functionalized nanofillers with higher specific surface areas in
UHMWPE/functionalied nanofiller fibers can positively affect their ultradrawing,

orientation and ultimate tensile properties.
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Figure 1 FT-IR spectra of (a) ANC, (b) ATANC, (c) FANC™, (d) FANC™, (e) FANC™?° (f) FANC™", (g) FANC™ and (h) PEe-MAH specimens.
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Figure 2 TEM micrographs of (a) ANC, (b) ATANC, (c) FANC™, (d) FANC™?, (e) FANC™??, (f) FANC™" and (g) FANC™ specimens.
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Figure 3 The orientation factor (fy) values of Figo (+), F100ATANC 025 ([_]), F100ATANC 5 (),
F100ATANCy075 (/A\), Fi00ATANCy (x), Fi00ATANCp12s (O), F100FANC™ 005 ([]),
F10)FANC™Sg 05 (), FiooFANC™) 75 (A), Fig)FANC™q; (x), Fi0FANC™Sg 155 (O),
F100FANC™% 655 ([J), Fi00FANC™ 0 05 (), FiooFANC™ %475 (A), Fi00FANC™ % (x),
FiooFANC™0) 155 (O ), FipoFANC™I23) 005 ( [] ), FigoFANC™I23 05 (O ),
F10)FANC™I2-3) 175 (A), F100FANC™!2:3 1 (x), FiooFANC™I2:3 155 (O), FiooFANC™I5 055
(), FiooFANC™I3, 5 (O), FiogFANC™3 475 (A), F1ooFANC™!3, 1 (x), FiooFANC™I3 55
(O), F100FANC™20, 055 (), F1ooFANC™20) 5 (), F1ooFANC™2%) 075 (/\), F100FANC™20, |

(x) and F190FANC™20, |55 (O) as-prepared and drawn fiber specimens with varying draw
ratios.



450
400
350
wn
2 300
o]
Y
c% 250
S
o
L
< 200
>
g
S 150
<
100
50
1)
Figure 4

RSC Advances

7 /a\
A2
7 A\
. A
‘ A : . f&
A :
+
| +
+
0 0.025 0.05 0.075 0;1 0.125 0.15
ANC, ATANC, FANC, FBC and/or FCNT contents
Achievable draw ratios of Figo (s), the best prepared FigoFCNTy (.), the best

prepared FiooFBC, (), FippATANC (+),F100FANC™, (a), Fi0oFANC™, (a),

FIOOFANlez'Sy (D), FlooFANlesy (A) and FlooFANCmZOy (A) as-prepared fiber
specimens.

Page 32 of 37



Page 33 of 37

10 +

RSC Advances

()
g,
ke
K=
— 1
X
m
0.1 T T T T T T T T T T T T T T T T T T T 0.01
-150 -120 -90 -60 -30 0 30 60 90 120 150
Temperature ([])
Figure 5 Plots of E' and tan § as a function of temperature for Fg (0), FlooFANCm12'50_025

(<), FiooFANC™ 005 (), Fio)FANC™*%075 (+) FiooFANC™*%, (2) and

FlooFANCm12'50,125 (<©) as-prepared fibers scanned at 1 Hz and a heating rate of 2
°‘C/min.



RSC Advances Page 34 of 37

8 - |
' % @
I % © 450
74 & % i
@ % - - 400
. v I
Y
= 5 N L350
=]
% v & 0 =Z
g & & ks g
& & g i =
= - O ~
@ . @ : Loso S
o N &
&£ % 7 -
Y - 200
: 4
@ =
— 150
. —100
1 *
O I L) I L) I L) I L) O
1 100 200 300 400
Draw ratios
Figure 6 Tensile strength and modulus values of Fipo (. , ), the best prepared

UHMWPE/FCNT (<,),the best prepared UHMWPE/FBC (>, »), F1o0ATANC 025(-,
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F10oFANC™ 155 (71, 0), FieoFANC™ %005 (-, o), FigoFANC™ %05 (o, o),
F100FANC™?) 475 (o, 0), F100FANC™? 15 (0, 0), F100FANC™?3, 05 (o) ),
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FiooFANC™ 0025 (., .), FiooFANC™?00s (+, ), FigoFANC™ 0075 (A, A),
Fi0oFANC™ %0155 (A, A), FiooFANC™ %05 (+, «), FiooFANC™ 005 (x, x),
F100FANC™ 475 (x, x) and F100FANC™ 125 (X, X) fiber specimens with varying

draw ratios.
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Table 1 Designations and specific surface areas of ANC, ATANC and FANC™ particles

Mass ratios of PEg.man

ANC, ATANC and FANC™ (0 ATANC used in Specific surface
. functionalization 5 1
particles . areas (m” g )
experiments of
FANC™ particles
ANC - 1047.4
ATANC - 1056.8
FANC™ 5.0 1063.2
FANC™ 10.0 1086.9
FANC™?%° 12.5 1098.6
FANC™"? 15.0 1071.3

FANC™ 20.0 987.4
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Table 2 Designations,  thermal  properties of UHMWPE, UHMWPE/ANC,
UHMWPE/ATANC and UHMWPE/FANC™ as-prepared fibers and the
corresponding compositions of gel solutions.

Weight or .
part of Weight fo r Weight or part \;oéumf‘s
Asprepared  UHMWPE  PAROL — ofpaNc™in OSSN om0 xg
. . TANC in . in gel \
fiber specimens in gel . gel solutions f (C)  (m) (%)
. gel solutions solutions
solutions (/phr) (g/phr) (ml)
(g/phr)

Fio0 2/100 - - 100 1427 319 65.1
F100ATANC, o5 2/100 0.0005/0.025 - 100 139.1 140 67.6
F100 ATANC 05 2/100 0.001/0.05 - 100 138.6  13.0 69.7
F100ATANC o 075 2/100 0.0015/0.075 - 100 1382 122 713
F100ATANC, | 2/100 0.002/0.1 - 100 137.6  11.3  72.1
F100ATANC, 125 2/100 0.0025/0.125 - 100 138.7 13.1 70.4
Fi00FANC™ 025 2/100 - 0.0005/0.025 100 138.7 13.1 69.3
Fi0o0FANC™ 5 2/100 - 0.001/0.05 100 1383 124 698
F100FANC™ 475 2/100 - 0.0015/0.075 100 137.7 11.5 72.6
Fio0FANC™ | 2/100 - 0.002/0.1 100 1379 11.8 723
Fi0o0FANC™ 125 2/100 - 0.0025/0.125 100 1382 122 718
F100FANC™ % 55 2/100 - 0.0005/0.025 100 1375 112 69.7
F10FANC™ ) o5 2/100 - 0.001/0.05 100 137.1  10.6 71.8
Fi0FANC™) 75 2/100 - 0.0015/0.075 100 136.8 10.3  73.6
FioFANC™" | 2/100 - 0.002/0.1 100 136.9 104 729
FiooFANC™" 55 2/100 - 0.0025/0.125 100 137.1  10.6 723
Fi0oFANC™ % o5 2/100 - 0.0005/0.025 100 136.6 10.0 69.8
FiooFANC™ % 5 2/100 - 0.001/0.05 100 136.4 9.8 72.7
F100FANC™%; 75 2/100 - 0.0015/0.075 100 136.1 9.5 73.9
Fi0o0FANC™*% | 2/100 - 0.002/0.1 100 1362 9.6 73.4
Fi0o0FANC™%; 155 2/100 - 0.0025/0.125 100 136.2 9.6 725
Fi0o0FANC™ ) 55 2/100 - 0.0005/0.025 100 1382 122 695
Fioo0FANC™ " 5 2/100 - 0.001/0.05 100 137.8 11.6 71.3
Fi00FANC™ "} 75 2/100 - 0.0015/0.075 100 137.4  11.0 72.8
FioFANC™" 2/100 - 0.002/0.1 100 137.6 113 725
FioFANC™" 155 2/100 - 0.0025/0.125 100 137.7 115 722
F100FANC™ 55 2/100 - 0.0005/0.025 100 1389 13.5 69.1
F10o0FANC™ 5 2/100 - 0.001/0.05 100 138.4 12.6 70.6
F100FANC™ 75 2/100 - 0.0015/0.075 100 138.1  12.1 718
F100FANC™' | 2/100 - 0.002/0.1 100 138.6 13.0 715
F100FANC™ 55 2/100 - 0.0025/0.125 100 138.7 13.1 713
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Tensile strength and modulus values of UHMWPE, UHMWPE/ANC,
UHMWPE/ATANC and UHMWPE/FANC™ fibers with varying draw ratios.



