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Abstract

This work demonstrates the synergy between the thermo-mechanical and humidity induced
degradation as well as the oxidation reactions in the kink-banded areas of ultra-high molar mass
polyethylene (UHMMPE) fiber-based laminates used in body armor. For aged materials, the
energy-dispersive X-ray spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR)
results reveal high concentrations of oxygen containing products, and the EPR results demonstrate
the presence of the peroxyl radicals (RO5") in the kink-banded areas. After one year of dark
ambient storage, very long-lived RO,° radicals were observed primarily in the samples exposed to
ageing conditions of elevated temperatures, humidity, and mechanical stress. The total percentage
of crystallinity, as measured by differential scanning calorimetry, of the kinkbanded fibers was
unchanged, indicating that the degradation occurs primarily in the amorphous region, and may
also involve recrystallization processes of the degraded chains. However, the most abundant
orthorhombic crystalline phase decreases from 77 % to 70 %. This decrease in the orthorhombic
structure leads to more diffusion of oxygen into the kink-banded region, enhancing the oxidation
processes. No changes are observed in the monoclinic phase of the kinked fibers, which remained
constant and constituted ~2 % of the total crystallinity.
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1. Introduction

Modern body armors are commonly designed using flexible, ballistic-resistant fabrics made
from high strength polymers such as ultra-high molar mass polyethylene (UHMMPE). This
polymer can be processed via gel spinning into fibers with high tensile strength-to-weight
ratios and superior fatigue, corrosion, and chemical resistance as compared to other
polymeric materials [1-5]. Polyethylene (PE) can exist as low-density polyethylene (LDPE),
high-density polyethylene (HDPE) and UHMMPE. HDPE and UHMMPE can have the
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same density, but the molar mass of UHMMPE is much higher. In general, the crystals in
polyethylene orient in structures known as crystalline folded lamella (lamellar orthorhombic
crystal phase) with a typical thickness of 10 — 50 nm and length of 10 — 50 um [6]. The
lamellae are separated by amorphous regions that are approximately 50 nm in length [7]. A
single PE chain can exist in the amorphous phase as well as orient in many crystalline
lamellae separated by tie molecules [8]. UHMMPE fibers are used in body armor
applications. These fibers have different properties as compared to bulk PE because of the
orientation process used in their manufacture. The fibers are extended 50 to 100 times their
original length during a process known as “super-drawing” [9, 10]. UHMMPE fibers are
also highly crystalline, with a total crystallinity of approximately 85%. The drawing process
converts the folded lamellar orthorhombic found in bulk HDPE into extended orthorhombic
lamellar crystals [11, 12]. Overall, highly oriented UHMMPE fibers are generally believed
to contain four morphological phases: a rigid extended orthorhombic phase, a monoclinic
phase, an amorphous phase and an intermediate phase also known as oriented crystal-
amorphous transition area with low molecular mobility [13, 14]. The amorphous phase in
this material is characterized by high mobility due to chain ends, defects, and nano-voids
[14].

Degradation of UHMMPE fibers under normal use conditions is a combined effect of
mechanical stress, elevated temperatures, and humidity that are controlled by several factors
such as the crystallinity of the polymer, the presence of oxygen and other impurities in the
material, the concentration and type of antioxidant, and the formation of free radicals in the
polymer backbone [15-17]. The application of mechanical stress in these highly crystalline
and oriented fibers can lead to morphological deformations known as kink bands [18]. Kink
bands appear as a series of successive bands at an angle of 50° to 60° to the fiber axis [18].
These bands form where the orientation of the polymer chains suddenly changes and are
manifested as a narrow triangular or wedged-shaped area on the fiber. Edmunds proposes a
model for the kink band formation in highly oriented aramid fibers [19]. In this model, kink
bands are assumed to be made from straight limbs and sharp corners, based on previous
work by Hunt et al. [20]. The formation of such defects along the axis of the fibers is mainly
due to compressive and shearing forces, and the lack of strong lateral support between the
highly oriented polymer chains. As compressive forces and the shearing between the
polymer chains in the fibers increase, deformation increases and begins to propagate from
the surface to the fiber axis (fibers in this study are approximately 25 um in diameter). With
additional compressive and shearing deformation, more polymer chains slip past each other,
more fibrils [21] are misaligned from the fiber axis, and the micro-buckled regions get
larger. As a result, new kinks begin to form along the fiber axis. Ultimately, the fiber will
fracture under tension to form a kink band break [18, 22, 23]. The process of a kink band
break, also known as knuckle formation, is not reversible and voids are formed within the
kink band as a result of lateral splitting between the polymer chains [24]. Although the
formation of kink bands in high strength polymer fibers used in body armor applications has
been previously reported and characterized in the case of poly(p-phenylene terephalamide)
PPTA and poly(p-phenylene benzobisoxazole) PBO fibers [18, 22—-24], their role in the long-
term stability and failure of UHMMPE fibers is not fully identified. Notable exceptions are
the recent work of Attwood et al. who studied the compressive strength of commercially
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available UHMMPE fibers and the out-of-plane compressive response of these fibers and
their composites [25, 26]. Additionally, the formation of kink bands upon compression of
commercially available UHMMPE fibers was also observed by Liu et al. in his study on
composite beams made by a leading market company [27]. A more recent work by Hazzard
et al. on thin composite laminates showed that UHMMPE fibers in the laminate develop
kink bands upon low velocity impact, which further supports the previous findings relating
the formation of kink bands with compressive forces [28]. According to Fleck and his
review on the compressive failure of UHMMPE fiber composites, the compressive strength
of long fiber composites is a complex mechanism governed by elastic and plastic micro-
buckling, fiber crushing and fiber splitting phenomena, as well as buckle delamination and
shear band formation at a 45° angle to the fiber axis [29].

In addition to mechanical stress (tensile and compressive stresses), temperature plays an
important role in the stability of polyolefins such as UHMMPE. UHMMPE fibers used in
body armor are not exposed to the extreme temperatures that can result in bond scissions and
depolymerization, since the maximum temperature observed during use or storage is
approximately 67 °C [30]. However, when strain is applied and temperature approaches the
range of the 4 -relaxation temperature (80 °C) [31], polymer chains will tend to increase their
entropy by folding back on themselves [32]. Rotational motion of the C-C bonds in the
backbone of the UHMMPE chains can occur more easily, thus increasing the free volume of
the chains and making them more mobile [32]. Chain slippage only dominates at
temperatures near the alpha relaxation, therefore bond rupture is the expected degradation
mechanism during use and storage of body armor [15].

Mechanically and thermally induced bond scissions in the backbone of UHMMPE, and the
formation of carbon centered free radicals, have a significant role in the oxidative
degradation of the material. Oxygen can be both initially present in the fibers as well as
diffuse into the polymer over time [33]. During industrial processing of the UHMMPE
fibers, oxygen can become entrapped in the structure and it is practically impossible to
prepare a totally oxygen-free polymer, even in the presence of an inert gas [34, 35].
Furthermore, the solubility and diffusion of oxygen into the fibers further complicates the
kinetics of the oxidation reactions. The oxygen solubility and diffusivity are functions of
temperature [36]. In general, the solubility decreases slightly with decreasing temperature,
while the diffusivity increases [36]. In the case of highly oriented UHMMPE fibers, oxygen
transport takes place almost exclusively through the amorphous regions of the polymer and
the crystalline regions provide barriers to impede oxygen flow [37]. The extent of these
barriers, and their influence on the diffusion of oxygen through the amorphous regions of the
polymer, depends on the molecular orientation of the polymer chains and their packing
density in the highly drawn fibers [37]. However, the presence of kink bands will allow
oxygen to diffuse more easily into the fibers through the voids created by the lateral splitting
of the polymer chains, leading to higher local oxygen concentrations at the kink bands. In
the presence of oxygen solubilized in the amorphous phase and kink bands of UHMMPE,
alkyl free radicals will become involved in a series of reactions that can further decrease the
molar mass of the polymer and result in products such as ketones, carboxylic acids, alcohols
and esters [15, 38, 39]. These moieties give the polymer more hydrophilic properties,
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rendering it more susceptible to attack by water, which can in turn penetrate into the
polymer and induce more oxidation over time [15].

Previous studies have focused on understanding how compressive stress leads to the
formation of kink bands into the UHMMPE fibers through complex micro-buckling
phenomena. However, the nature of the changes that the fibers undergo due to the formation
of these kink bands are not yet very well understood. Such defects can have a major impact
on the polymer chain orientation, the crystallinity, and the chemistry of the polyethylene,
which can adversely affect the long-term stability of the material. Overall, the goal of this
study is to investigate the physical and chemical changes induced in UHMMPE fibers by the
formation of the kink bands and their effect on the long-term stability of the material.

2. Experimental

2.1. Sample description

The ballistic resistant armor panels used in this study are commercial products and were
manufactured from highly-crystalline UHMMPE fibers combined with an elastic resin
material to form a non-woven unidirectional tape. The UHMMPE fibers are described by the
manufacturer as having a molar mass between 3 and 5 million amu, and contain a hindered
phenolic antioxidant [16]. Two layers of the unidirectional tape are laminated together in a
crisscross pattern, where each layer is placed at a 90° angle from the layer above and below
to form a laminate. A thin film of low density polyethylene (LDPE) is added on both sides
of each laminate, with a thickness of 0.35 mm, to prevent adjacent laminates from sticking
together when they are layered on top of each other in the soft body armor [40, 41]. A
representative UHMMPE-based material used in body armor applications usually consists of
80 % UHMMPE fibers, 13 % resin, and 7 % LDPE by mas [41, 42]. In this study, the body
armor used was comprised of 27 laminates. The armor was stored in dark ambient
conditions prior to and after having been subjected to an accelerated ageing condition. In
this work, the armor panels were aged according to the protocol described in N1J Standard
0101.06. The panels were placed into specially designed chambers at 65 °C, 80 % relative
humidity, and subjected to 0.52 rad/s tumbling for 72,000 total rotations, or approximately
240 h. A series of temperature/relative humidity data loggers were used to monitor the
consistency of the chamber conditions during the exposure time. In addition to this protocol,
a folding protocol was developed and used in this study to allow for the evaluation of the
isolated effect of mechanical stress on the UHMMPE fibers when part of the laminated
structure is folded. Laminates removed from a new armor panel were folded once and
constrained in half (180° fold), and then placed in into an oven at 80 °C, under ambient
pressure and humidity conditions for a period of 336 h. A thermocouple was used to monitor
the consistency of the oven temperature during the exposure time.

2.2. Extraction of UHMMPE Fibers

The UHMMPE fibers used in this study were extracted from laminates that were
incorporated in body armor. Pieces of the laminates were cut and immersed in beakers
containing chloroform. Mild agitation by hand was performed periodically, until the
laminates were visually observed to separate. Then the samples were left overnight into the
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chloroform solution to allow for the binder resin to fully dissolve in the chloroform. The
UHMMPE fibers and the LDPE film do not dissolve in chloroform and precipitate from
solution. Filtration was performed to separate the UHMMPE fibers and LDPE film from the
chloroform solution containing the binder resin. Next, to eliminate any residual traces of
resin from the surface of UHMMPE fibers, the fibers were transferred back to the beaker
and more chloroform was added and left overnight. This process was repeated two more
times for a total of 4 days. The UHMMPE fibers were air dried and stored under desiccation
until testing.

2.3. Fiber topography and chemical composition

The shape and the surface morphology of the UHMMPE were characterized by scanning
electron microscopy (SEM) using a Hitachi.1 S-2400 variable pressure SEM equipped with
an Xray detector that allows for elemental analysis through energy dispersive spectroscopy
(EDS). The fibers were evenly spread over slabs and left under vacuum overnight to
eliminate any traces of humidity and oxygen bound to the surface of the fibers prior to
analysis. The analysis was conducted using variable pressure mode at 15 keV.

2.4. Oxidation measurement

Oxidation of UHMMPE fiber samples and binder resin material was measured using Fourier
Transform Infrared Spectroscopy (FTIR). A Thermo Nicolet NEXUS 670 FTIR equipped
with an attenuated total reflectance (ATR) accessory was used to measure the oxidation of
the materials. The final spectrum of each sample represents the average of 128 individual
scans with a resolution of 2 cm™1 between 650 cm™1 and 4000 cm~1 wavenumbers. A
background was collected and subtracted prior to each sample run. Three replicates were
prepared for each sample. Spectra analysis, including baseline correction and normalization,
was performed. The spectra were baseline corrected and normalized using the peak at 1472
cm™2, which was attributed to the CH bending [43, 44]. Typical standard uncertainties for
spectral measurement are 2 cm™1 in wavenumber and 5 % in peak intensity. To evaluate the
degree of oxidation, the overlapping peaks between 1712 cm™1 and 1735 cm™1, assigned to
the oxidation products (ester and ketone groups), were deconvolved using commercial
software.

2.5. Free radical identification

Electron Paramagnetic Resonance (EPR) spectroscopy was used to identify the structure of
the free radicals in the kink banded areas. The measurements were carried out at room
temperature in the presence of oxygen approximately two months after removing the body
armor samples from the ageing chamber and after extracting the fibers from the laminate.
The EPR spectra were acquired on a ESP300 spectrometer (Bruker Biospin, Billerica, MA)
using the following instrument parameters: microwave frequency of 9.435 GHz, microwave
power of 6.346 mW, frequency modulation of 100 kHz, modulation amplitude of 6.23 G,

IThe full description of the procedures used in this paper requires the identification of certain commercial products and their suppliers.
The inclusion of such information should in no way be construed as indicating that such products or suppliers are endorsed by NIST or
are recommended by NIST or that they are necessarily the best materials, instruments, software or suppliers for the purposes

described.
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receiver gain of 56,400, center field at 3350 G, a sweep width of 800 G, a conversion time of
40.96 ms, and a time constant of 20.48 ms. The instrument was calibrated prior to the
measurements using a 2,2diphenyl-1-picrylhydrazyl (DPPH) stable free-radical control
sample.

Identification of the changes in the crystal structure

Differential scanning calorimetry was carried out using a TA Q2000 differential scanning
calorimeter (DSC) (TA Instruments). UHMMPE fibers extracted from new and aged panels
were coiled around a wire and placed at the bottom of aluminum hermetic pans. The typical
weight of the samples was kept between 3 mg and 5 mg to increase resolution. Samples
were held at 25 °C for 5 min and then heated to 180 °C at a rate of 10 °C/min. The
measurements were conducted under flowing nitrogen at a flow rate of 25 mL/min. The
melting curves of the crystals were deconvolved into 4 peaks, which were assigned to the
melting of different crystal phases. The melting points were characterized by the
temperature of the peak maximum, and the area under each peak was integrated to assess the
crystal composition of the material. Additionally, wide angle X-ray scattering (WAXS)
measurements were conducted using a Xenocs Xeuss SAXS/WAXS small angle X-ray
scattering system. The instrument was equipped with an x-ray video-rate imager for SAXS
analysis with a minimum Q = 0.0045 A~1, detector separate x-ray video-rate imager for
WAXS analysis (up to about 45° 26), and a Linkam stage for controlling the temperature of
the sample from about -100 °C to 250 °C. The incident beam, diffracted beam and sample
chamber were kept under vacuum. The fibers were mounted across a small groove formed
by a copper block used along with the heating stage to acquire data at various temperatures.
The bundle of fibers was mounted horizontally, perpendicular to the direction of the X-ray
beam. In these experiments, silver behenate was used as a control and each sample and
condition was tested in duplicate.

3. Results and discussion

3.1.

Kink Band Formation

Fibers from aged and unaged armors were examined for evidence of kink bands using SEM.
The images in Fig. 1. illustrate the mechanical compressive and tensile stress-induced
formation of the kink bands in the fibers during folding of the armor panels. As shown in
Fig. 1, the kink bands are absent in the UHMMPE fibers extracted from unaged body armor
and at areas away from the bending site in armors that were aged using the folding protocol
(Fig. 1(d)). However, the formation of kink bands can clearly be seen in Fig. 1(b), fibers
extracted from aged (NIJ protocol) vests. The kink bands are uniformly spread across the
fibers of all the samples exposed to the NIJ protocol. As expected, fibers extracted from
laminates of the armor that were folded at an 180° angle (folding protocol) revealed severe
kink band and knuckle formation at the bending point, as shown in Fig. 1(c). These results
clearly demonstrate that mechanical stress is the primary mechanism of kink band formation
in UHMMPE fibers
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3.2 The relatively high concentration of oxidative products at the kink bands

SEM-EDS was used to determine the relative oxygen concentrations in the kink band areas
as compared to other areas along the fiber. The relative oxygen concentrations were
measured in the fibers extracted from unaged body armor, armor aged with the NI1J protocol,
and aged armor with the folding protocol. The areas on these fibers that were analyzed via
SEM-EDS to evaluate the oxygen concentrations were the following: a) random areas on
fibers extracted from unaged vests, referred to as “New/No Kink-Bands”; b) areas without
kink bands conditioned via the N1J protocol, referred to as “NIJ/No Kink-Bands”; c) areas
without kink bands on fibers exposed to the folding protocol, referred to as “Folding/No
Kink-Bands”; d) areas with kink bands where the fibers were conditioned via the NIJ
protocol, referred to as “NIJ/Kink-Bands”; and €) areas with kink bands on fibers that were
conditioned via the folding protocol, referred to as “Folding/Kink-Bands”. The results are
summarized in Fig. 2 below.

The SEM/EDS results demonstrate a statistically significant (Student’s t-test, p < 0.05)
increase in the oxygen concentrations at the kink band areas of both the N1J conditioned and
folded UHMMPE fibers. This increase can be attributed to the formation of oxidation
products, such as esters, ketones, aldehydes, peroxyl radicals, alkoxyl radicals, or an
increase of the molecular oxygen concentration produced during the thermo-oxidative
degradation of UHMMPE from reactions such as the recombination reaction of peroxyl
radicals, as will be discussed later. Also, the relatively high (8.51 + 0.63 wt. %) initial
concentration of molecular oxygen observed on the fibers could be potentially attributed to
the manufacturing process of the fibers. More specifically, during the solution spinning step,
PE is dissolved in decalin where the solubility of oxygen is relatively high with a value of
Henry’s constant (H) equal to 12,700 Pa m3 mol~1 at 20 °C [45]. Another important
conclusion from the SEM/EDS results is that areas on the aged fibers without kink bands
show similar oxygen concentration to the new, unaged, fibers. These results demonstrate that
the oxidation of the UHMMPE fibers mainly occurs in the kink banded areas, which can be
explained by considering the potential chemical reactions that can occur in the fiber after the
kink band forms. However, since it is very difficult to estimate the number of kink bands
across the entire length of a fiber, our EDS results cannot be directly compared with the
oxidation index values calculated by the IR analysis of the kink-bands. It is worth
mentioning though that the EDS and IR data show similar trends. As previously mentioned,
compression forces that produce kink bands when combined with tensile forces generated on
the opposite side of the fibers can potentially lead to C-C bond scissions along the backbone
of the UHMMPE chains, leading to the formation of the C-centered radicals. These
Ccentered free radicals react rapidly with the dissolved molecular oxygen to form
corresponding peroxy| radicals, which initiate the first step of the oxidation-degradation
processes. The consumption of molecular oxygen in the kink bands would enhance the
diffusivity of oxygen to these bands from the surrounding volume. Furthermore, micro voids
created by the kink bands could enhance the diffusion and solubility of oxygen into these
areas of the fiber; leading to more oxygen available for the C-centered radicals to convert to
the peroxyl radicals.
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3.3. Oxidation product measurements of the kink-banded regions of UHMMPE fibers

FTIR measurements were performed to quantify the oxidation products in the UHMMPE
fibers initiated in the kink band areas. First, the FTIR spectrum of UHMMPE fibers
extracted from the center section of the 14™ laminate (the middle layer) of a new armor
panel was acquired and used as a control in this study (Fig. 3). The characteristic peaks at
around 2,916 cm~! and 2,848 cm™ are identified as so® C-H symmetric and asymmetric
stretching, at around 1,471 cm~1 and 1461 cm™1 are assigned to C-H bending, and those at
731 cm~1 and 717 cm™1 are in-phase and out-of-phase C-H rocking, respectively [46]. When
oxidation takes place in UHMMPE, a new peak is formed at around 1,700 cm™L. This peak
can be usually resolved into two individual peaks, one with a maximum at approximately
1,735 cm™1, which is assigned to an ester; and another one with a maximum at
approximately 1,713 cm™1, which is assigned to a ketone [30].

The units of absorbance are arbitrary. The data are the mean values of 3 different fiber
samples, each tested in triplicate. All measurements are of the bulk fiber. In Fig. 4, a
representative FTIR spectrum of the oxidation peak at around 1,700 cm=2 is shown for
UHMMPE fibers extracted from the center part of the 14" laminate of a new body armor
(New Fibers), fibers extracted from the edge of the 15! laminate of a N1J conditioned body
armor (NI1J Conditioned Fibers), and fibers from the non-folded area (Normal - Folding) and
the folded area (Kink Band - Folding) of laminates conditioned using the folding protocol.
For each condition, more than three different fiber samples were tested, and spectra was
collected from two different areas of the samples. After the integration of each peak, the
oxidation index (Ol) was calculated for each condition and presented as mean + standard
error of measurement (S.E.M.). The Ol of the UHMMPE fibers was calculated by dividing
the peak area at 1,713 cm™1 by the reference peak area at 1,472 cm™1, according to equation
(1) [16, 17, 47]. The Ol values for the fiber samples tested in this study are shown in Table
1.

_ 1713em™
Ol = T 1)

1472cm™

As shown in Fig. 4, the “NIJ Conditioned Fibers” demonstrate the most severe oxidation,
since the area under the peak at 1713 cm™1 was the largest of the four. There is a statistically
significant increase in the oxidation index between fibers extracted from new and NIJ
conditioned body armor (p < 0.05, by Student’s t-test). Furthermore, the area under the peak
at 1713 cm™1 for the “Normal - Folding” was slightly larger than that of the “New Fibers”.
These results are in accordance with the results acquired from the EDS analysis described in
the previous section, where the UHMMPE fibers from a non-folded area of the laminates
aged with the Folding protocol have not shown a significant increase over the fibers
extracted from a new panel. Finally, the area under the oxidation peak of the “Kink Band -
Folding” was larger than that of the “New Fibers” and the “Normal - Folding” but lower that
the “NI1J Conditioned Fibers”. The calculated Ol for these fibers was lower than the “NIJ
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Conditioned Fibers,” but greater than the other two fiber samples in this set of experiments.
These differences are statistically significant as evidenced by p < 0.05 by a Student’s t-test.

C-C ruptures on the backbone of the chain lead directly to degradation and a decrease in the
molar mass, as previously described in Section 3.1. However, hydrogen abstraction is
another reaction that can also lead to degradation in the presence of oxygen. Although in the
absence of oxygen C-centered free radicals undergo crosslinking reactions, in the presence
or abundance of oxygen in the kink banded area the reactions of carbon centered radicals
with oxygen predominate to produce peroxyl radicals. It is not possible with the available
analysis techniques to determine the relative concentrations of free bimolecular oxygen and
C-centered radicals specifically in the kink banded regions of the fiber. However, our results
indicate that there is an abundance of oxygen in the kink banded regions of the fiber,
favoring the oxidation reactions. In addition, the reaction rate constant of alkyl C-centered
radicals with oxygen is about 10° mol~1s~1 [48], which is an order of magnitude greater than
the crosslinking reaction rate constant of about 108 mol=1s1, further favoring these
reactions. The abundance of oxygen in the kink banded areas causes the reactions of carbon
centered radicals with oxygen to dominate, producing peroxyl radicals. The peroxyl radicals
formed in these reactions are relatively stable in highly oriented UHMMPE, despite the
readily available hydrogen atoms in the polymer. This stability is confirmed by studies
showing that peroxyl radicals in polyethylene are still present after months at room
temperature in the presence of oxygen [35]. The stability of these radicals is further
supported by the high activation energy needed for hydrogen abstraction from a nearby
UHMMPE molecule by peroxyl radicals, which at room temperature has been reported as
high as 108 kJ/mol for another UHMMPE system [35], although lower values have also
been reported for lower molar mass polyethylene [49]. However, at elevated temperatures,
the rate of the hydrogen abstraction reaction increases significantly (almost doubling with a
10 °C increase in temperature), which has practical implications for the use and ageing of
the material. Also, in the kink-banded areas, where polymer chains are not as highly oriented
and/or tightly packed as in the rest of the fiber areas, these peroxyl radicals could abstract a
hydrogen from an adjacent chain to form hydroperoxides and new alkyl macroradicals, as
shown in Fig. 5 [15, 50-52].

The effect of liquid water in the degradation process of UHMMPE fibers is not of major
concern in this study, in contrast to previous studies [53], since the laminates in the body
armor are protected from water via a sealed external waterproof cover, which is typically
used in realworld systems. In addition to that, polyethylene is inherently a very hydrophaobic
polymer, which is highly resistant to liquid water and humidity. However, upon oxidation of
the UHMMPE fibers the material becomes more hydrophilic due to the formation of
hydrophilic groups such as ketones, carboxylic acids, alcohols and esters [15, 38, 39].
Hence, trace amounts of water and humidity, as could be introduced to the system during
wear as the waterproof cover breaks down, can enhance the oxidation process since
increased hydrophilicity will increase the diffusivity of water, especially at the kink banded
areas where oxidation is primarily observed. Furthermore, the solubility of oxygen in water
is much greater than that in polyethylene. Also, as trace amounts of water diffuse more
oxygen into the material along with the water due to the solubility of oxygen in water.
Ultimately, the diffusion of trace amounts of water and the presence of higher oxygen
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concentration at the kink bands could accelerate the decomposition of hydroperoxides, that
form during the oxidation process, as shown by Garton et al. [53].

Fig. 5 shows how the C-centered alkyl radicals in the kink bands react with the molecular
oxygen to produce the corresponding peroxyl radicals (reaction 5). This reaction is
comparatively faster than the recombination reaction of the alkyl radicals. The most
important reaction of peroxyl radicals that propagates the oxidation of the polymer is the
abstraction of H atoms from neighboring a chain (reaction 6) producing more C-centered
radicals and hydroperoxides (RO,H). Additionally, peroxyl radicals can decompose, leading
to chain scission and the formation of lower molar mass chains, new alky! radicals, and CO»
(reaction 7). Hydroperoxides have been shown to be thermally unstable [35], especially at
temperatures approaching 70 °C, where the rate of the decomposition reaction begins to
obey Arrhenius law [35, 52]. As previously mentioned, UHMMPE fibers used in body armor
can be exposed to temperatures of approximately 67 °C or higher, for example, if the armor
is left in a closed vehicle on a hot day [30]. This can result in thermal oxidation
decomposition reactions that can further induce the degradation of the fibers, since
hydroperoxides will decompose (reaction 8) to produce very reactive hydroxyl (*OH) and
alkoxyl (ROe) radicals, or ketones (R,CO) and H,O molecules [33, 35, 52]. The alkoxyl
radical can abstract an H atom to produce alkyl radicals and ROH (reaction 9) and the
produced *OH radicals can also abstract H atoms form the polymer backbone to form more
alkyl radicals and H,O (reaction 10). In regions of the fiber where the kink bands are absent
(and, therefore, the oxygen concentrations are relatively low) it is expected that alkyl
radicals undergo crosslinking and disproportionation reactions (reaction 3 and 4,
respectively).

3.4. Bulk crystal morphology of kink-banded UHMMPE fibers

Thermal analysis of UHMMPE fibers was conducted using differential scanning calorimetry
(DSC) to evaluate the effects of ageing on the total crystallinity of the material and
investigate transitions with the relative amounts of the different crystalline phases.
Representative DSC thermograms of UHMMPE fibers extracted from new and NIJ
conditioned body armor are presented in Fig. 6. In both cases, the thermograms of
UHMMPE fiber samples revealed broad melting peaks with a maximum at ~147 °C. All
melting peaks were treated as Gaussian functions and fitted to predefine four different
melting peaks. These peaks correspond to various crystal phases including orthorhombic,
monoclinic, and hexagonal, as well as a mesophase. However, there is no value reported in
the literature for the heat of fusion of a 100% monoclinic or a 100% hexagonal crystalline
PE material. Hence, our calculations of the total percent crystallinity of these samples was
performed using the ASTM standard value for the theoretical heat of fusion of a 100%
orthorhombic crystalline polyethylene (289.3 J/g) [54]. For these UHMMPE fiber samples,
the overall percent crystallinity as calculated by this method was nearly unchanged. It is
important to note that the fibers do not contain any hexagonal crystals at ambient conditions,
as determined by the WAXS analysis. This crystal phase forms in the DSC pan as the fibers
are heated under constraint, as previously observed by Wunderlich, et al. [55]. Fibers
extracted from a new panel exhibited a total percent crystallinity of 90 % + 1.0 % (slightly
higher than reported by the manufacturer) and those extracted from a NI1J conditioned panel
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have a slightly smaller value of 87.8 % + 1.1 %. These numbers represent mean values with
their standard uncertainty calculated by more than 6 thermograms per condition, produced
from different fiber samples.

This result could indicate that degradation, and more specifically oxidation, is mainly
occurring in the amorphous regions of the fibers and does not significantly affect the
crystalline phases of the material. This is also supported by the fact that in highly oriented
UHMMPE fibers, oxygen transport takes place almost exclusively through the amorphous
regions of the polymer and the crystalline regions provide barriers to impede oxygen flow
[37]. The extent of these barriers and their influence on the diffusion of oxygen through the
amorphous regions of the polymer depend on the molecular orientation of the polymer
chains and their packing density in the highly drawn fibers [37]. As a result, at higher
drawing ratios, oxygen permeability and diffusion into the UHMMPE fibers through the
sparse amorphous regions is more restricted [56]. More recent results have shown that there
is a linear correlation between the solubility of oxygen and the amorphous volume fraction
of the polymer, which provides the carrier for the diffusion process, while the permeability
and diffusion coefficient demonstrate a more complex behavior which relates to the detailed
morphology of the crystalline and amorphous regions, such as their distribution and size
[57].

Chain scissions and chemicrystallization effect on UHMMPE fibers

It has been previously reported by Fayolle et al. that in semi-crystalline polymers chain
scissions occur mainly in the amorphous areas of the polymer. This will result in the
formation of “free” polymer chain-ends, which can integrate into the nearby crystalline
phases due to their relatively higher mobility. As a result, the material can undergo a process
known as chemicrystallization, previously observed in the thermal oxidation of polyolefins
[58-60]. In this study, highly oriented and crystalline UHMMPE fibers contains a
significantly smaller fraction of amorphous regions as compared to HDPE or polypropylene.
Mechanically and chemically induced chain scissions will decrease the size of the long
polymer chains in the material, and in the presence of oxygen will result in products such as
aldehydes, ketones, alcohols and esters [15, 38]. These shorter chains are expected to have
higher mobility and their hydrophilic chain ends, present mainly in the amorphous areas of
the fibers, may integrate into the crystalline phase, as reported by Fayolle et al. [58].
However, our results demonstrate that only approximately 8 % of the fibers is amorphous,
which limits the impact of chemicrystallization effect in this system. Also, the significantly
higher starting molar mass of the polymer (between 3 and 5 million amu) will further reduce
the probability of the formation of small chain segments with sufficient mobility to allow
them to diffuse into the crystalline regions of the polymer.

As can be seen from Fig. 6, the endotherms of the UHMMPE fibers used in this study were
broad with overlapping regions between 136 °C and 162 °C. After the deconvolution of the
endotherms into four peaks, these peaks were integrated to give four different areas, and the
percentage of the area of the total melting endotherm was attributed to the area of each
individual peak. Each one of the deconvolved peaks corresponds to four different melting
points, the results of which are summarized in Table 1. The lowest melting peak in the
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region of 136 °C is assigned as T, and is relatively broad. This peak did not change
significantly between the new and conditioned vest fibers and is attributed to the melting of
the monoclinic phase [12, 61-63]. The second melting peak T, around the region of

147 °C is the strongest signal and is attributed to melting of the extended orthorhombic
crystals to form pseudo-hexagonal crystals [2, 12, 61, 62, 64, 65]. This peak did not shift
between fibers extracted from new and NIJ conditioned body armor. However, the
percentage of peak area for the heat of melting decreased from 76.7 % to 70.4 % with
ageing. The third melting peak, Tp,3, is located at around 154 °C and is hypothesized to be
the melting of a pseudo-hexagonal mesophase [2, 12, 61, 62, 64, 65]. Finally, a fourth
melting peak, T4, was observed at around 160 °C, which is identified to be the melting of
the hexagonal crystal phase [12, 61-64].

These results indicate that the percentages of the monoclinic and the hexagonal crystal
phases do not change upon ageing. Prior work has shown that monoclinic crystals can form
only at high drawing ratios, whereas hexagonal crystals will only form when polymer chains
in UHMMPE fibers are constrained when heated at elevated temperatures, such as in the
case of fiber drawing at high temperatures [66, 67]. Therefore, the presence of these two
crystal phases in these fibers further validates that the fibers used in this body armor are
highly drawn fibers with very highly oriented polymer chains, as expected. Also, ageing of
the body armor at 65 °C is not a high enough temperature to melt the monoclinic crystal
phase, as shown by these DSC results. Thus, the percentage of this phase did not change
upon ageing, as expected.

The most significant change observed from the thermal analysis of these samples is the
decrease of the orthorhombic crystal phase after ageing, as shown in Table 3. Changes in the
orthorhombic crystal phase are most evident because of its relative abundance (almost 80 %
of the polymer chains form orthorhombic crystals) in the material. Without any significant
changes to the other two crystal phases identified (monoclinic and hexagonal), these results
may suggest that during ageing, some polymer chains originally in the orthorhombic crystal
phase are losing their initial conformation. This allows these polymer chains to re-orient and
convert more easily into crystalline intermediate phase (mesophase) between the transitions
of the polymer chains from the orthorhombic to the hexagonal crystals. This hypothesis
could be explained if one considers the parameters of the formation of the hexagonal phase.
The hexagonal crystal phase will form upon heating the polymer chains at high temperatures
(150 °C, or higher) while constraining them at the same time [66]. The drawing process used
to make the fibers examined in this study results in very low free volume between the
polymer chains in the extended orthorhombic phase [68, 69]. Therefore, upon heating during
the DSC analysis, the chains in the orthorhombic phase might not be able to fold back on
each other, since they are constrained by the adjacent chains, and may form pseudo-
hexagonal and hexagonal crystals, as shown by the DSC endotherms [63]. However, as
temperature increases in the DSC pan, the freedom of motion and free volume of the self-
constrained polymer chains will increase. Therefore, the conditions are not optimum for the
complete transformation of the orthorhombic to a hexagonal phase, and a new mesophase,
which could have some orthorhombic and some hexagonal phase properties, can potentially
form.
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The UHMMPE fibers used in this study were shown to be very highly crystalline with about
90% total crystallinity. This results in very tightly packed and highly oriented crystallites
within the fibers. To better understand the morphological changes that the crystals undergo
in the material we need to fully characterize the crystal morphology of these fibers. In this
set of experiments, WAXS analysis was performed on UHMMPE fibers extracted from new
body armor panels to assess the different type of crystals initially present in these fibers, and
complement the data obtained from the DSC analysis. WAXS data of the new fibers were
collected at 25 °C and 140 °C to further our understanding of the DSC results. The
diffraction patterns are shown in Fig. 7, and the diffractograms of intensity vs. 26° are
shown in Fig. 8 and Fig. 9.

As can be seen from the figures above, two monoclinic peaks and two orthorhombic peaks
are identified for the fibers extracted from new vests at 25 °C [14, 63, 67, 70]. As the
temperature increases to 140 °C, the monoclinic (001) diffraction peak can be barely
detected, while the area under the (20-1) monoclinic peak decreases from 1.79 %, in the

25 °C diffractogram, to 1.44 %. Overall, the percentage of the monoclinic phase decreases
from 2.22 % to 1.44 % as temperature increases from 25 °C to 140 °C. This result indicates
that some phenomenon is occurring at a temperature between this range to cause the
monoaclinic phase to decrease, supporting the interpretation of the DSC results where the
melting peak at 136 °C was assigned to the monoclinic phase. Also, at room temperature the
amount of the monoclinic phase calculated by the deconvolution of the DSC endotherm was
found to be ~ 2 %, which is in agreement with the value of 2.22 % calculated by the
integration of the WAXS diffraction patterns of (001),, and (20-1), at 25 °C. Finally, no
hexagonal phase was observed in the WAXS diffractograms of the fibers, since the
appearance of the WAXS diffraction peak of the hexagonal phase has been shown to occur at
temperatures above 150 °C under constraint [62]. The equatorial diffraction peak of the
hexagonal phase is expected at 2 = 20.5° [63]. Since the diffraction peak of the (110) lattice
plane of the orthorhombic crystals is at 26 = 21.5°, observing the diffraction peak of such a
small percentage (only ~1 %) of hexagonal phase due to overlapping of the two peaks is
challenging. However, if WAXS analysis is conducted on constrained fibers at very high
temperatures (above 150 °C), the intensity of the diffraction peak of the hexagonal phase at
26 = 20.5° will be strong and easily identified [62]. Additionally, the meridional diffraction
pattern of the crystals when fibers are placed perpendicular to the X-ray beam, which could
potentially reveal the existence of the pseudo-hexagonal phase, was not collected in this
study due to lack of an appropriate mounting stage but will be considered for future work.

Free radical identification

EPR spectroscopy has been used to identify the structures of the polyethylene alkyl, allyl,
polyenyl, peroxyl, and alkoxyl radicals [71-75]. Fig. 10 shows the EPR spectrum of the free
radicals in the kink-banded areas of an aged sample approximately one year after ageing was
discontinued. Under our experiment ageing conditions, the thermo-mechanically-produced
reducing-alkyl C-centered radicals react rapidly with molecular oxygen to produce their
corresponding peroxyl radicals. The reaction rate constant for this reaction is approximately
2.9x10° L mol™ts71t0 4.7 x 109 L mol~1 s71 [76]. Therefore, it is difficult to detect their
sextet signal in the aged UHMMPE samples [77, 78] using our experimental arrangement.
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However, the peroxyl and alkoxyl radicals undergo various reactions leading to the
formation of organic peroxides and scissions of the backbone of the UHMMPE chains as
shown in Fig. 5. Hence, it is not surprising to observe a relatively small concentration of
long-lived alkoxyl and peroxyl radicals in the kink-banded areas of the fibers.

The EPR spectrum in Fig. 10 displays signals suggesting the presence of the unpaired
electron on the oxygen atoms of the molecules [79]. The hyperfine splitting pattern of the
EPR spectrum can be calculated by the following general formula: (2M111+1) = number of
the hyperfine lines, where M is the number of the adjacent H atoms, and | is spin 1="% [79].
Since the nearest number of adjacent H atoms in the peroxyl and alkoxyl radicals is one, it is
expected that the number of the hyperfine lines is 2. The spectrum in Fig. 10 shows a signal
with a pattern of 2 EPR hyperfine lines, in addition to other very small-amplitude lines.
Based on frequency of 9.434849GHz, and B values of 3315.9 G, 3361.3G, and 3367.2G, the
g-factors were found to be 2.032, 2.005, and 2.002 respectively. These values agree fairly
well with the published values of peroxyl radicals reported by Fel et al. as well and Jahan
[71, 74]. 1t should also be mentioned that the EPR signal may include a small contribution
from the fast reacting alkoxyl and long-lived polyenyl radicals. The presence of the EPR
signal in the kink-banded regions, even after one year of discontinuing aging, is worthy of
attention. This suggests that the oxidation reactions shown in Fig. 5 are still taking place. As
expected, prior work has shown that unaged UHMMPE fibers of the same type do not
exhibit any EPR signal prior to ageing [80].

4. Summary

The results of this study have demonstrated the enhancement of the oxidation reactions in
the kink-banded areas of the UHMMPE fibers. Under aerobic conditions, the combination of
the thermo-mechanical stress and the presence of water (80 % RH) enhance degradation
through the oxidation reactions in the kink-banded areas. As a result, the FTIR and EDS
show that the concentrations of oxygen-containing compounds are more pronounced in the
kink band region than in the unkinked regions of the fiber. Oxidation is enhanced in the
kink-band regions because of the a) higher O, concentrations caused by the void formation
within those regions and b) the decrease in the orthorhombic crystal structure from 77 % to
70 %, which results in an increase of the O, diffusion rate of from the surrounding
environment into the kink band area.

Our results also show that no significant changes were observed to the other two crystalline
phases identified (monoclinic and hexagonal) during ageing. These results may suggest that
during ageing, some polymer chains originally in the orthorhombic crystal phase are losing
their initial conformation. This allows these polymer chains to re-orient and convert more
easily into a pseudo-hexagonal crystal phase, which is a mesophase between the transitions
of the polymer chains from the orthorhombic to the hexagonal crystals.

Finally, the EPR results have revealed that even after one year of removing the vests from
the ageing chamber and extracting the UHMMPE fibers, alkoxyl and peroxyl radicals persist
in the kink band region. This indicates that the oxidation and the degradation reactions take
place even after discontinuing the exposure of these fibers to the thermo-mechanical stress.
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Therefore, it is critical to protect armor containing UHMMPE fibers from heat and bending
damage, and humidity exposure to the extent possible, as these conditions may reduce its
strength and effectiveness.
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Fig. 1.
Scanning electron microscopy (SEM) images of UHMMPE fibers extracted from new (a),

NI1J-ageing protocol (b), and armor panels aged via the folding protocol, 180° bending point
(c) and non-bended areas (d) respectively.
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Fig. 2.
EDS analysis on UHMMPE fibers extracted from new and aged body armor through the NI1J

and Folding protocols. For each fiber sample, the normalized wt.% of oxygen is reported.
Data are mean + Standard Error of Measurement (S.E.M.) (n=50).
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Fig. 3.
FTIR spectrum of control UHMMPE fibers, extracted from the center panel of an unaged
armor
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Fig. 4.

FTIR spectra of the oxidation peak at 1,713 cm~! wavenumbers for different UHMMPE
fiber samples. These peaks were integrated between 1,690 cm~! and 1,755 cm™1 and the
areas calculated were used to calculate the Ol of the samples.
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The most probable reactions of C-centered radicals in the presence and absence of oxygen in

the kink bands.
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Fig. 6.

DSC thermograms of UHMMPE fibers extracted from a new armor panel (red) and one
conditioned with the NIJ protocol (black). Note the broad melting curve, which can be
resolved into four individual peaks with different maximum temperatures and different
intensities. Standard uncertainties associated with the use of DSC in the measurement of
these thermal properties are approximately 5 %.
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Fig. 7.
2D WAXS patterns for UHMMPE fibers extracted from new vests at about 25 °C and

140 °C. The scattering patterns were measured on a bundle of fibers placed horizontally,
with their axis perpendicularly to the X-ray beam. Each condition was measured twice using
different samples on different days.
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Fig. 8.

WAXS diffractograms of UHMMPE fibers extracted from new body armor panels. The
diffraction was measured on a bundle of fibers placed horizontally, with their axis
perpendicularly to the X-ray beam, at approximately 25° C. The intensity peaks for the
orthorhombic and monoclinic crystal phases are shown.
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Fig. 9.

WAXS diffractograms of UHMMPE fibers extracted from new body armor panels. The
diffraction was measured on a bundle of fibers placed horizontally, with their axis
perpendicularly to the X-ray beam, at approximately 140 °C. The intensity peaks for the
orthorhombic and monoclinic crystal phases are shown.
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Fig. 10.
Electron Paramagnetic Resonance (EPR) of a kink banded UHMMPE after one year of

discontinuing ageing.
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Table 1

Changes in oxidation index (Ol) of UHMMPE fibers upon conditioning. The data represented are mean +
S.E.M. (n=3).

New Fibers Normal - Folding  Kink Band - Folding NIJ
Conditioned
Fibers
ol 0.0127 £0.0016 ~ 0.0224 + 0.0063 0.0497 + 0.00582 0.0719 + 0.0059

(A1713cm™YA1471cm™)
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Table 2

Summary of melting points, heat of fusion, and crystallinity for UHMMPE fibers extracted from new and NIJ
conditioned body armor. Note that the melting peaks and the total % crystallinity (X) do not change

significantly.

UHMMPE Fibers  Monoclinic ~ Orthorhombic Mesophase Hexagonal — AHg¢ Xe

Conditioning Tm1 (°C) Tm2 (°C) Tm3 (°C) Tma (°C) Jlg %
New 136 147 153 159 260.4 90
80 °C, 65%
relative humidity, 136 147 154 158 254 87.8

5 rpm, 14 days
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Table 3

Summary of the crystal phase percentages for UHMMPE fibers extracted from new and NIJ conditioned body
armor. Calculations were done by fitting and integrating the DSC endotherms using commercial software.

UHMMPE Fibers Crystal Phase Percentages

Conditioning

Monoclinic  Orthorhombic  Mesophase Hexagonal

New 1.8% 76.7% 20.3% 1.2%

80 °C, 65% relative

humidity, 5 rpm, 14 days 1.9% 70.4% 26.1% 1.6%
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