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Abstract: The construction of ballistic-resistant body armor is experiencing an increasing use of
flexible unidirectional (UD) composite laminates that comprise multiple layers. Each UD layer
contains hexagonally packed high-performance fibers with a very low modulus matrix (sometimes
referred to as binder resins). Laminates are then made from orthogonal stacks of these layers, and
these laminate-based armor packages offer significant performance advantages over standard woven
materials. When designing any armor system, the long-term reliability of the armor materials is
critical, particularly with regard to stability with exposure to temperature and humidity, as these
are known causes of degradation in commonly used body armor materials. To better inform future
armor designers, this work investigates the tensile behavior of an ultra-high molar mass polyethylene
(UHMMPE) flexible UD laminate that was aged for at least 350 d at two accelerated conditions: 70 °C
at 76% relative humidity (RH) and 70 °C in a desiccator. Tensile tests were performed at two different
loading rates. The mechanical properties of the material after ageing demonstrated less than 10%
degradation in tensile strength, indicating high reliability for armor made from this material.

Keywords: composite laminate; flexible composite; strip tensile testing; body armor; polyethylene;
hydrothermal aging

1. Introduction

Modern technological advancements in weaponry and ammunition, as well as wearer
requirements for comfort and mobility, have led to the development of new body armor
materials that are flexible and light weight, with increased damage resistance and better
energy absorption capacity [1]. Many light-weight ballistic protective armor systems are
currently constructed using high modulus and high strength polymeric fibers such as
ultra-high-molar-mass polyethylene (UHMMPE) [2,3] and poly(p-phenylene terephthala-
mide), or PPTA [4,5], commonly known as aramid, and new composites are also quickly
emerging [6]. In order to ensure the wearer’s safety over the armor’s expected use lifetime,
the development of these new materials and their use in body armor applications requires
a deep understanding of their long-term stability and potential degradation mechanisms.
Historically, little emphasis was placed on the long-term performance of armor materials.
However, there was a renewed effort to understand the body armor failure mechanisms in
the wake of an armor failure in 2003 [7]. Significant efforts have been launched to examine
the mechanisms of aging in UHMMPE and PPTA fibers.

There are several advantages to flexible UD composite laminates compared to tradi-
tional woven material. Flexible UD laminates have been shown to absorb more energy per
unit panel weight [8-10], with similar applications and flexibility as woven fabrics [11].
In addition, UD composite laminates with UHMMPE or PPTA fibers have been shown to
perform significantly better in out-of-plane compression compared to woven materials [12].
Either UHMMPE or PPTA fibers can be used in combination with an elastic resin material
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(20% or less by mass) [13] that can penetrate to the filament level and hold the fibers to-
gether to form a non-woven unidirectional (UD) tape. 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 panel, as depicted in Figure 1, where there are four such
UD layers. Unidirectional fiber composite materials can vary significantly based on their
intended application. Composites developed for aerospace applications can be hundreds
of fibers thick with a high matrix volume fraction up to 50% [14], whereas in body armor
applications, each layer has a thickness of less than 10 fibers (as can be seen in Figure 1)
with lower matrix volume fractions due to the near-hexagonal packing arrangement of the
fibers [9].

(@) (b)

Figure 1. Schematic representation (a) of the UD laminate showing the hexagonal packing and the
four perpendicular UD layers, each three fibers thick, and a micrograph (b) showing the structure of
the actual material.

The degradation of UHMMPE fibers and the subsequent decrease in their mechanical
properties under normal use conditions, involving elevated temperature, humidity, or some
combination thereof, can occur through a well-documented process known as thermal
oxidation [2,15-23]. Elevated temperatures can induce C-C bond scissions along the
backbone of a UHMMPE chain, primarily in the amorphous regions of the polymer [24].
The rupture of these bonds results in the formation of C-centered free radicals (alkyl
radicals) that can undergo various reactions which, in general, depend on the presence
of oxygen in the amorphous areas, the concentration of oxygen present, the temperature,
the moisture content, the presence of antioxidants in the material, and the degree of
crystallinity [3,24-26]. In the presence of oxygen solubilized in the amorphous regions
of UHMMPE, alkyl free radicals will be involved in a series of reactions that can further
decrease the molar mass of the polymer and result in products such as ketones, alcohols, and
water, as shown in Figure 2 [3,24,27,28]. These products will give the polymer hydrophilic
properties, to a certain extent, making it more susceptible to moisture, which can, in turn,
penetrate the polymer and induce more oxidation over time.

Compared to the UHMMPE yarns, only preliminary research has been performed to
characterize the effect of environmental exposure on the matrix used in the UD laminates.
Furthermore, the effect of changes in the binders on the ballistic performance of the UD
laminate is unclear as the impact force is carried mainly by the fibers. A computational study
investigating the ballistic performance of UHMMPE UD laminate composites, however,
has shown that filament/matrix de-bonding/cohesion is of paramount importance in the
performance of these materials and one of the main failure parameters upon impact [29].
Hence, it is prudent to test the entire composite structure to comprehensively determine
the effects of aging. The current study evaluates the tensile strength of a UHMMPE flexible
UD laminate under two sets of environmental aging conditions. Of key interest is how the
V50 velocity, the velocity at which half of the projectiles penetrate, changes with aging. The
V50 can be related to the tensile strength through empirical research by Cunniff [30] and
theoretical research by Phoenix and Porwal [31], as detailed in [5,32]. Furthermore, tensile
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strength was chosen as a relevant metric because it is less complicated to measure than Vg
and requires less material.
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Figure 2. Thermal oxidation of UHMMPE fibers. Schematic of the crystalline and amorphous regions
within the polymer fibers; formation of free radicals and the cascade of oxidation reaction in the

amorphous regions.
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2. Materials and Methods
2.1. Material and Specimen Allocation

In this study, the flexible UD composite laminate comprised four layers, each layer
having an approximate thickness of three UHMMPE fibers, where each fiber has an ap-
proximate diameter of 11 um, all held together with a very low modulus matrix. When
received, the laminate had damage spread sporadically throughout the material. Given the
limited availability of the material, it was not possible to avoid the damaged material for the
purposes of this study. Therefore, specimens were first cut from all of the available material,
then each specimen’s level of damage was visually assessed and rated on a scale of 1 to
5. In particular, the types of damage seen included folds, spots of foreign material, areas
where the fibers were not as clearly defined, and dirt that had become embedded. These
factors were assessed as a whole to group specimens into the following categories: ‘not
damaged’, ‘minor damage’, ‘minimal damage’, ‘moderate damage’, and ‘major damage’.
Specimens were then randomly sorted into batches, controlling for the damage levels, so
that each batch contained approximately the same number of specimens for each damage
level. The specimens were about 70 mm wide with a 250 mm nominal gauge length, which
is the same gauge length used in a previous UHMMPE yarn aging study [2]. Specimens
were cut using a medical scalpel and a straight edge on a self-healing cutting mat, taking
care to align the specimens with the fiber direction. The specimen preparation procedure
is fully described in [33]. Specimens were cut with their length nominally perpendicular
to the axis of the material roll, i.e., such that they would be along the warp fibers if the
material was woven.

The thickness was determined using measurements of the bulk unaged material at
18 locations throughout the roll using an electronic micrometer with a friction thimble
(resolution of 0.001 mm and precision of 0.002 mm). The average thickness was 0.199 mm
with a standard deviation of 0.011 mm from 10 measurements. Figure 3 shows a typical
scanning electron microscopy (SEM) micrograph of the cross-section. For the purposes of
this work, all tensile strength values are given as the failure load, rather than as stresses.
This is because we are not able to calculate the fiber volume fraction accurately for this
material, and nominal composite stresses (using the whole cross-sectional area, including
cross fibers that carry no load) are not highly relevant. When the fiber volume fraction is
known, then the fiber stress can be calculated from the nominal composite stress through
the rule of mixtures. For a composite with such a large difference in modulus between the
binder matrix and the fibers, the fiber stress can be approximated by dividing the load by the
cross-sectional area of fibers parallel to the direction of the applied load. Approximating the
UHMMPE fiber cross-sectional area is challenging in these laminates, particularly because
the fibers are not cylindrical. This is further complicated by the amount of distortion cutting
causes, as seen in Figure 3, where it is not possible to see how much space is between the
fibers. The matrix fraction for these laminates is typically less than 20% by mass [5,13].

_ Fibers parallel to

< :
cross section
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\
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Figure 3. A typical cross-section of the UD laminate using scanning electron microscopy (SEM).
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2.2. Accelerated Aging Parameters

After sorting the specimens into randomly assigned batches, they were aged in an
environmental chamber at 70 °C with 76% RH and 70 °C in a desiccator. This temperature
was chosen to accelerate the aging process as much as possible without inducing new forms
of degradation, such as combustion, based on prior studies of UHMMPE [2]. The 70 °C
temperature was also of interest for ready comparison to prior studies of UHMMPE yarns
at 65 °C in a desiccator [2]. Some studies on UHMMPE have shown that humidity may be
a further source of degradation [3], so, for this study, it was decided to age the material at
70 °C in both a humid and a dry environment. For the humid environment, 76% RH was
chosen as it has been used for other aging studies on ballistic materials. The environmental
chamber provided control to £1 °C and +5% RH.

Five extractions were performed at approximately 14, 70, 150, 230, and 350 d. After
extraction, the specimens were stored overnight (or longer) so that they had time to
equilibrate to laboratory conditions before testing. All testing was conducted at room
temperature with mean laboratory conditions of 22 °C and 51% RH (standard deviations
are 0.5 °C and 1.4% RH from 17,701 observations).

2.3. Mechanical Testing

The specimens were tensile tested in a screw-driven universal load frame equipped
with a 30 kN load cell using capstan grips. Testing was performed at two different crosshead
displacement rates (2 and 250 mm/min), with the faster loading rate chosen to match the
previous yarn aging study and the slower rate to match a similar study on PPTA laminates.
Strain was measured using a non-contacting video extensometer, with measurements taken
at three different locations along each specimen’s width, as can be seen in Figure 4. These
three strain values were averaged to determine the failure strain. Further details and
rationales on the specimen aging, cutting, and testing procedure are described in [33].
Figure 4 shows a specimen before and after mechanical testing. Videos of all the tested
specimens are available in the associated data publication [34].

Before fracture After fracture

Figure 4. Images of a sample specimen before and after mechanical testing.

One unaged specimen and one specimen from the longest aged humid and dry
extraction were cyclically loaded in accordance with the following regime. At a crosshead
displacement rate of 20 mm/min, the load was increased to 500 N and then decreased to
50 N ten times, with no pause at either 500 or 50 N. Then, the load was increased to 1 kN
more than the previous maximum and decreased back to 50 N for another 10 cycles, i.e.,
increased to 1.5 kN, decreased to 50 N, increased to 2.5 kIN, decreased to 50 N, etc. After
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the 20th decrease to 50 N, the specimen was loaded to failure. The same grips and video
extensometer were used for both the cyclic loading and the tensile test. The loading rate of
20 mm/min was selected for the cyclic testing as an order of magnitude between the slow
and fast (2 mm/min and 250 mm/min) loading rtes used in the tensile testing. The tensile
loading rate of 250 mm/min rate was not used for the cyclic tests as it was too fast for
careful data collection, particularly at the points where the crosshead changed direction. In
contrast, with the 2 mm/min loading rate, the cyclic loading procedure takes long enough
that creep of the material becomes an issue. Thus, 20 mm/min was chosen as a compromise
between the two tensile test rates.

2.4. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) imaging was performed on the unaged fiber
laminate after depositing a nominal 3 to 5 nm Au/Pd coating on a small piece of laminate
(less than 0.5 mm by 0.5 mm by 1 mm). The imaging parameters were kept identical to the
previous studies described in [5,35]: magnifications ranging between 50 x and 3500x are
typically used for imaging at a nominal working distance of less than 10 mm. To prevent
electron-beam-induced fiber damage and reduce any charging artefacts, all imaging was
conducted at accelerating voltages from 2 to 5 kV and currents from 50 to 200 pA.

3. Results

All data associated with this publication is archived through the NIST Public Data
Repository [34]. Specimens of the UD material were cut 70 mm wide, aged at two different
humidity levels for the periods previously described, and tested at two different crosshead
displacement rates. Figure 5 is a plot of the average failure load, also referred to as the
strength, with at least 50 specimens per testing condition. Specimens tested at the faster
loading rate of 250 mm/min are plotted with open markers, while specimens tested at the
slower loading rate of 2 mm/min have filled markers. The color red and term ‘dry” is used
to indicate that the specimens were aged at 70 °C in a desiccator, while the blue color and
term ‘wet’ indicates aging at 70 °C and 76% relative humidity. The error bars in Figure 5 are
the standard deviation of the mean failure load retention divided by the square root of the
number of specimens. The failure load decreased after exposure to elevated temperatures,
as seen in Figure 5. This is indicative of degradation, although the percent degradation
is less than 10% (9.9% for wet fast, 9.0% for wet slow, 8.4% for dry fast, and 5.8% for dry
slow), indicating that the material retains most of its failure load after exposure to these
aging conditions.

The specimens tested at lower loading rates are much weaker than those tested at
faster loading rates. This rate dependence has been seen for other similar composites [5]
and is to be expected. Phoenix and Newman developed models for fiber and composite rate
dependence and time-dependent properties [36,37]. When the matrix is significantly more
complaint than the fibers, as is the case in these UHMMPE laminates, the rate dependence of
the composite laminate is predominantly driven by the binder matrix properties compared
to the fibers. When the loading rate is sufficiently slow, the matrix has time to creep in
shear. Creep in the matrix increases the overloaded length near to a broken fiber(s). Thus,
matrix creep properties play a defining role in the composite’s failure load at slow loading
rates. In contrast, at fast loading rates, there is no time for the matrix to creep, so only
the initial elastic overload length is relevant. This is described, in detail, by Engelbrecht-
Wiggans [38,39].

The degradation in failure load, while less than 10%, is statistically significant. Figure 6
shows that with aging, the failure distributions shift to smaller failure loads, indicative of
degradation while maintaining the same slope. The constant slope is notable because it
implies that the mechanism for failure has not changed.
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Figure 5. Mean failure load (in Newtons) as a function of days aged, where error bars represent the
standard error of the mean (n > 50). Specimens are all 70 mm wide with a gauge length of 250 mm,
tested at either 250 mm/min (fast-open circles) or 2 mm/min (slow-filled circles). Aging was performed
at 70 °C either in a desiccator (dry-red coloring) or at 76% relative humidity (wet-blue coloring).
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Figure 6 is plotted as a normal probability plot because the failure distributions for
these specimens are well described by a normal distribution, as opposed to a Weibull
distribution. Comparable testing performed on PPTA laminates of a similar construction
resulted in Weibull-distributed failure load distributions [5]. As the laminate construction
is highly similar, it is reasonable to conclude that the different fiber and matrix give rise
to the different failure load distributions. UHMMPE fibers are well known to have a low
frictional force, and the bond strength between fibers and the matrix is typically much lower
than that for PPTA fibers. This gives rise to a much longer load transfer length around a
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broken fiber in UHMMPE than in PPTA. The Weibull distribution arises from concentrated,
local damage, which relies on a shorter load transfer length [38-40]. Comparison of the
failure videos of the UHMMPE specimens [34] and the PPTA specimens [41] show that the
PPTA failures are highly localized, while the UHMMPE ones are not. For the PPTA, the
material 5 cm away from the failure site visually appears untested, while for the UHMMPE
laminate, there are loose fibers throughout the gauge length, and there are typically several
breaks along the length of the specimen. This corroborates that, while the PPTA material
failed according to local load sharing, giving rise to a Weibull failure load distribution, the
UHMMPE material behaves more according to global load sharing, giving rise to a normal
distribution [40]. Hence the failure distributions will be plotted as normal distributions for
the purposes of this work.

As mentioned in the Experimental Section, the laminate had visible damage. Figure 7
shows the failure distributions for the unaged and most aged conditions, broken down
by the amount of visible damage that was assessed prior to aging. While the specimens
were initially placed into five different damage categories, these were grouped together
for three different classifications for clarity of display on the figure. In general, for the
aging conditions shown in Figure 7 as well as the ones not pictured, there are no significant
differences between the failure distributions at the different damage levels. Of all the
aging conditions, the dry 335 d specimens show some of the largest differences. However,
even after 335 d of aging, the curves overlap, showing that the failure load of the most
damaged specimens is greater than that of the only minorly damaged specimens. A lack of
correlation between visible damage and failure load is consistent with prior observations [2].
It may be that the only fibers that break due to the visible damage are the weak fibers that
would break during loading anyway, thus explaining the invariance of the failure load to
damage level.
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Figure 7. Normal probability plots of failure load (in Newtons) for unaged and most aged material,
comparing three categories of damage as visually assessed before aging.

In addition to the failure load decreasing with aging, the modulus also decreases,
as can be seen in Figure 8, where the load vs. strain curves for the unaged material are
plotted in black, and the aged curves are plotted in red/pink for the specimens aged in a
desiccator and blue for the specimens aged at 76% RH. For the specimens subjected to a
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slow loading rate, there is a clear separation between aged and unaged curves at higher
strains (see Figure 8). This decrease in modulus is less pronounced at the faster loading rate,
where there is less time for slip and creep to occur. It is not clear how much of a change in
modulus would be seen at ballistic rates.
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Figure 8. Load vs. strain curves for the unaged and most aged conditions.

Standard definitions of modulus require calculating the slope of the stress strain curve
in the elastic region. The definition of the elastic region is not immediately clear from
these load vs. strain curves as there is no well-defined point where the curve deviates
from linearity. To investigate this, cyclic loading tests were performed on unaged and aged
material. The results for the unaged material are presented in Figure 9, while Figure 10 is
for the aged material. Furthermore, Figure 9 compares the load vs. strain and the load vs.
displacement plots for an unaged sample. The video extensometer is limited to capturing
17 frames per second, which adds artefacts to the curve at the locations where the crosshead
switches direction. Due to this, Figures 8 and 9 are of load vs. displacement. A load vs.
strain version of Figure 9 is presented in the Appendix A.

In Figures 7 and 8, the leftmost column is a plot of the entire test as recorded by the
data collection software. The other two columns are of the loading and unloading portions
of this curve, with all of the loading portions in the middle column and the unloading
in the right column. These loading and unloading curves were shifted to all start at zero
displacement to allow for a comparison of how the shape changes as loading progresses.
For comparison, Figure 11 plots the final loading and unloading portion of the curves on
the same axes for all three materials, again shifted to start at zero displacement.
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Figure 10. Aged cyclic-tested specimen with 335 d at 70 °C in a desiccator (dry) on top and 336 d
at 70 °C and 76% RH on bottom. Left plots the whole loading, middle the superimposed loading
portions of the curves, and right the superimposed unloading portions of the curves.

Elastic deformation is typically defined as deformation that is entirely reversible when

the load is removed. The first ten cycles of 50 N to 500 N are completely reversible, almost
perfectly superimposing in Figure 9. The first few cycles show some differences, particularly
in the load vs displacement plot (as opposed to the strain version) as the specimen tightens
on the grips. By the ninth and tenth cycles, however, the overlap in Figure 9 is close to
perfect, indicating that the specimen has tightened onto the grips as far as it will for a
maximum load of 500 N. Even in this low region (cycling between 50 and 500 N), the
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material is not perfectly linear, and there is a hysteresis loop. For the next two loadings
(with maximum loads of 1.5 and 2.5 kN), the behavior follows the prior loading curves. As
the load increases further, however, plastic deformation and viscous behavior start to play
a role as each loading curve has a larger gap between it and where the previous maximum
load was. Thus, plastic deformation starts occurring at fairly low loads of less than 6.5 kN,
even though failure occurs at over 12 kNN.

11 . . . .
10 - / 7
/
9_ -
/

8_ -

7, _
g ¢ f
k
8 5 )
—

4+t ]

3, _

21 —— Unaged |

1h Aged335d,dry |

- Aged 336 d, humid
0 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9
Displacement (mm)

Figure 11. Comparison of the final loading and unloading cycles for all three specimens that under-
went the cyclic testing.

The loading curves mostly superimpose, with better superimposition as the load
increases. For each loading curve, the greatest change in the local modulus (focusing on
a range of 0.375 kN) increases as the load increases until the maximum load is greater
than 6.5 kN. After this load is exceeded, the tangent modulus decreases. In addition, after
loading to 6.5 kN, the tangent modulus values are highly similar in each subsequent loading.
In contrast, the viscous behavior apparent in the unloading curves changes on each cycle
as the unloading lines do not follow the same curve, though there appears to be some sort
of lower envelope curve that they converge to as the load drops to zero. The difference
in similarity in tangent modulus behavior across multiple loading cycles and a difference
in the relaxation time can be seen in all three cyclic figures. The material demonstrates
hysteresis, indicative of a viscoelastic or viscoplastic material, and aging results in a more
pronounced change to the relaxation and unloading behavior than the loading behavior, as
seen in Figure 11, with both aged specimens having a shallower lower unloading curve
that steepens and crosses the unaged curve at higher loads. The relevance of the change
in relaxation times to ballistic applications (for which this material is intended) is unclear;
however, it is clear that the material’s behavior is changing over time in complex ways.

In addition to changes in the failure load and modulus, the failure strain also changes
with aging, as can be seen in Figure 12. However, the changes for the failure strain are
more complex. The failure strain initially increases with aging at all loading rates and aging
conditions, but as aging continued, there became no clear trend for the failure strain. For
the fast loading rate, the aged failure strain distribution is sometimes greater than and
sometimes less than the unaged distribution, while for the slow loading rate, the strain
for the aged material is typically greater than that for the unaged. Some of this variability
may be due to measurement error, or it could be that initially the degradation due to aging
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causes an increased failure strain as only a few fibers are broken; hence, there is simply
more slip before failure. At higher levels of aging, there is more damage, so the failure
happens sooner, causing either only a modest increase in failure strain or no increase at all.
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Figure 12. Normal probability plots for failure strain.

Throughout this analysis, there have only been minor differences observed in failure
load between the specimens aged in the humid and dry environments. This is despite an
obvious visual difference in these specimens after aging, with the specimens that were
aged in the humid environment turning brown. This implies that the visible signs of aging
are occurring in the matrix rather than the fibers themselves. Any differences in the matrix
degradation should show up more clearly in the specimens tested at the lower loading
rate. Figure 5 shows that the specimens tested at the slower loading rate are seen to have
a larger decrease in failure load than the specimens tested at faster loading rates, and the
specimens aged at humid conditions for long aging times show a larger decrease in failure
load than their dry counterparts, perhaps due to an increased load transfer length in the
matrix because of matrix degradation.

At most, the degradation in failure load for any of the specimens is less than 10% of the
initial failure load and was observed mostly in the specimens tested at slower loading rates.
The prior work [2] shows that the failure load of UHMMPE yarns was more significantly
reduced by aging at temperatures similar to those used in this study. At approximately
8000 hr (333 d) of aging at 65 °C, a failure load reduction of 25% was observed, more
than twice the amount measured in the current study. This difference could be explained
by the fact that the polyethylene in the two studies was from different manufacturers.
Thus, the formulations may be slightly different, such as the selection and concentration of
antioxidants, which could impact their susceptibility to oxidation. In addition, bare yarns
were exposed in the prior study, and in this study, the yarns were encased in a matrix, which
may reduce opportunities for oxygen diffusion into the material, thus slowing oxidation.

Although broadly a decrease in failure load was observed as a function of aging time,
there is scatter in the trend, which is expected when sampling from a distribution. Between
50 and 57 specimens were tested in each set to provide relatively high confidence intervals
on the mean. While a distribution of failure loads is expected from basic Normal/Weibull
principles, there are other considerations that may further complicate comparisons. In
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particular, the failure load may exhibit spatial variation within the roll. This could be
due to damage caused during manufacture or transportation and handling, typically to
the edges of the roll or the outermost layers. Certain manufacturing defects also create
location-dependent strength if a warp thread is consistently damaged during the lamina-
tion process, for instance. The specimens were randomly assigned from the original roll
location, controlling for visible damage, so location-dependence in failure load should not
be affecting these results. Another consideration is the cutting accuracy with regard to a
constant specimen width. Specimens were nominally 70 mm wide. Although variations
in width between individual specimens could be as much as 1 mm, this width effect on
failure load should be minimal.

The V5 ballistic performance measure can be calculated from the tensile properties
following either Cunniff [30] or Phoenix and Porwal [31], as described in [32]. The predicted
V50 retention is presented in Figure 13, where mean retention is calculated by scaling the
V50 values at various aging times by the predicted initial V59. The error bars in Figure 13
are the coefficient of variation (standard deviation divided by the mean), scaled by the
mean initial V59 value. The trends for predicted Vsy do not perfectly follow the failure load
degradation (seen in Figure 5) as the Vg calculation also takes into account changes in the
modulus and failure strain. The Phoenix and Porwal method is more sensitive to failure
strain, which is why it fluctuates more than the Cunniff method. For all methods, aging
conditions, and loading rates, the drop in predicted Vs is never more than 11%. The largest
decrease in predicted Vs values is seen for the specimens tested at the faster loading rates,
with the fast and wet specimens having a minimum V5, retention of 0.893 and the fast and
dry specimens having a minimum V5 retention of 0.905. In contrast, the specimens tested
at a slow loading rate had minimum predicted V5 retentions of 0.957 and 0.945 for the dry
and wet conditions, respectively. There is reason to believe that these predictions may be
conservative, based on other research [32], and that the true reduction in V59 may be even
less than that predicted by the Cunniff or the Phoenix-Porwal models.
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Figure 13. V5 retention plots to illustrate the potential impact of aging on the predicted ballistic limit
retention for this material.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.
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4. Discussion

The failure load of the flexible UD laminate specimens studied herein degrades with
exposure; however, the degradation in failure load is less than 10% after 336 d at 70 °C.
This minimal degradation in failure load is encouraging for the field application of this
system, which we would expect to be at lower temperatures than that used in this study.
This observation is supported by our predictions that the theoretical V5y of armor made
from this material would change by less than 11%. It is important to note that the failure
load was not the only parameter affected by aging; the entire stress—strain response changes
with aging, especially at slower loading rates. Aging clearly impacts the viscoelastic
properties of the UHMMPE laminates, as shown in the cyclic tests, in which they exhibited
plastic deformation at low loading, indicating a non-recoverable process. The results also
indicated that the addition of humidity to the experimental conditions did not appear
to have a major impact on the resulting degradation. While this is not surprising as the
material is hydrophobic, it has been postulated that the formation of hydrophilic oxidation
products may impact further degradation once they are formed. It is possible that the
humid exposure led to slightly more degradation than the dry at the very end of the aging
time, but this trend is difficult to distinguish from variation in the measurements with
the available data. This result does improve confidence in the prior study on UHMMPE
yarns [2], in which only dry conditions were used. It should be highlighted that this
study should provide further confidence in the long-term performance of UHMMPE-based
armors in the typical use and wear environment for body armor as very little degradation
was observed, even at these accelerated conditions of temperature and humidity. One can
conclude from the limited degradation observed in these accelerated conditions that the
armor is likely to perform as expected during routine service use; however, the testing of
used armor with known exposure history would be necessary in order to fully validate the
armor performance during use.

In comparing this study to a prior study on PPTA-based flexible UD laminates [5], it is
interesting to note that the failure load for the PPTA laminates is Weibull-distributed, while
the failure load for the UHMMPE laminates is normally distributed. This is supported by
an analysis of the failures and is indicative of a longer load transfer length in the UHMMPE
specimens. This also has the consequence that changes in the matrix must be more drastic
in the UHMMPE in order to have a measurable effect on the failure load. Of the two
materials, after 150 d at 70 °C, the PPTA specimens degraded between 7 and 10%, while the
UHMMPE degraded between 5 and 8%. The predicted decrease in V5 is likewise slightly
less for the UHMMPE laminate than for the PPTA laminate.

5. Conclusions

The degradation in failure load was less than 10% after 336 d of exposure to the
environmental conditions of 70 °C both in a desiccator and at 76 % relative humidity. The
expected decrease in ballistic performance, as measured by Vs, is thus less than 11%. This
gives confidence in the long term performance of UHMMPE-based armor in typical use
and wear environments.

The future extension of this work could pinpoint the causes of the observed degra-
dation in failure load, including examining the chemical composition of the fibers, binder,
and interface for changes with aging; determining the effects of additional aging; and
establishing whether binder degradation alone leads to reduced V5y performance with or
without delamination of the composite.
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Appendix A
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Figure A1. Load vs. strain for aged cyclic-tested specimen with 335 d at 70 °C in a desiccator (dry) on
top and 336 d at 70 °C and 76% RH on bottom. Left plots the whole loading, middle the superimposed
loading portions of the curves, and right the superimposed unloading portions of the curves.

References

1.

David, N.; Gao, X.-L.; Zheng, J. Ballistic resistant body armor: Contemporary and prospective materials and related protection
mechanisms. Appl. Mech. Rev. 2009, 62, 050802. [CrossRef]

Forster, A.L.; Forster, A.M.; Chin, ].W.; Peng, ].-S.; Lin, C.-C,; Petit, S.; Kang, K.-L.; Paulter, N.; Riley, M.A.; Rice, K.D. Long-term
stability of UHMWPE fibers. Polym. Degrad. Stab. 2015, 114, 45-51. [CrossRef]

Tsinas, Z.; Forster, A.L.; Al-Sheikhly, M. Oxidation reactions in kink banded regions of UHMMPE fiber-based laminates used in
body armor: A mechanistic study. Polym. Degrad. Stab. 2018, 154, 103-114. [CrossRef] [PubMed]

Rice, K.; Engelbrecht-Wiggans, A.; Guigues, E.; Forster, A. Evaluation of degradation models for high strength p-aramid fibres
used in body armour. In Proceedings of the Personal Armour Systems Symposium, Washington, DC, USA, 1-5 October 2018.
Engelbrecht-Wiggans, A.; Burni, F; Krishnamurthy, A.; Forster, A.L. Tensile testing of aged flexible unidirectional composite
laminates for body armor. ]. Mater. Sci. 2020, 55, 1035-1048. [CrossRef]

Benzait, Z.; Trabzon, L. A review of recent research on materials used in polymer—-matrix composites for body armor application.
J. Compos. Mater. 2018, 52, 3241-3263. [CrossRef]


http://doi.org/10.1115/1.3124644
http://doi.org/10.1016/j.polymdegradstab.2015.01.028
http://doi.org/10.1016/j.polymdegradstab.2018.05.030
http://www.ncbi.nlm.nih.gov/pubmed/30996496
http://doi.org/10.1007/s10853-019-04063-w
http://doi.org/10.1177/0021998318764002

Polymers 2023, 15, 1347 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Tompkins, D. Body armor safety initiative: To protect and serve ... better. NIJ J. 2006, 254, 2-6.

Karahan, M. Comparison of ballistic performance and energy absorption capabilities of woven and unidirectional aramid fabrics.
Text. Res. ]. 2008, 78, 718-730. [CrossRef]

Hearle, ].W. High-Performance Fibres; Elsevier: Amsterdam, The Netherlands, 2001.

Benloulo, I.C.; Rodriguez, J.; Martinez, M.; Galvez, V.S. Dynamic tensile testing of aramid and polyethylene fiber composites. Int.
J. Impact Eng. 1997, 19, 135-146. [CrossRef]

Lee, B.; Walsh, T.; Won, S.; Patts, H.; Song, J.; Mayer, A. Penetration failure mechanisms of armor-grade fiber composites under
impact. J. Compos. Mater. 2001, 35, 1605-1633. [CrossRef]

Jabbar, A. Study of dynamic compressive behaviour of aramid and ultrahigh molecular weight polyethylene composites using
Split Hopkinson Pressure Bar. |. Compos. Mater. 2021, 51, 81-94.

Park, A.D. Ballistic Laminate Structure in Sheet Form. U.S. Patent No. 5,935,678, 10 August 1999.

Mouritz, A.P. Introduction to Aerospace Materials; Elsevier: Amsterdam, The Netherlands, 2012.

Chin, J.; Forster, A.; Clerici, C.; Sung, L.; Oudina, M.; Rice, K. Temperature and humidity aging of poly (p-phenylene-2,
6-benzobisoxazole) fibers: Chemical and physical characterization. Polym. Degrad. Stab. 2007, 92, 1234-1246. [CrossRef]

Forster, A.L.; Pintus, P.; Messin, G.H.; Riley, M.A ; Petit, S.; Rossiter, W.; Chin, J.; Rice, K.D. Hydrolytic stability of polybenzobisox-
azole and polyterephthalamide body armor. Polym. Degrad. Stab. 2011, 96, 247-254. [CrossRef]

0101.04; Ballistic Resistance of Personal Body Armor. US Department of Justice—National Institute of Justice: Washington, DC,
USA, 2000.

Li, C.-S.; Zhan, M.-S.; Huang, X.-C.; Zhou, H. Degradation behavior of ultra-high molecular weight polyethylene fibers under
artificial accelerated weathering. Polym. Test. 2012, 31, 938-943. [CrossRef]

Grause, G.; Chien, M.-F.; Inoue, C. Changes during the weathering of polyolefins. Polym. Degrad. Stab. 2020, 181, 109364.
[CrossRef]

Tsinas, Z.; Orski, S.V,; Bentley, V.R.; Gonzalez Lopez, L.; Al-Sheikhly, M.; Forster, A.L. Effects of Thermal Aging on Molar Mass of
Ultra-High Molar Mass Polyethylene Fibers. Polymers 2022, 14, 1324. [CrossRef] [PubMed]

Govaert, L.; Peijs, T. Tensile strength and work of fracture of oriented polyethylene fibre. Polymer 1995, 36, 4425-4431. [CrossRef]
Kromm, E-X.; Lorriot, T.; Coutand, B.; Harry, R.; Quenisset, ].-M. Tensile and creep properties of ultra high molecular weight PE
fibres. Polym. Test. 2003, 22, 463—470. [CrossRef]

Cao, M,; Chen, L,; Xu, R.; Fang, Q. Effect of the temperature on ballistic performance of UHMWPE laminate with limited thickness.
Compos. Struct. 2021, 277, 114638. [CrossRef]

Schnabel, W. Polymer Degradation: Principles and Practical Applications; Hanser International: New York, NY, USA, 1981.

Coote, C.F.; Hamilton, J.V.; McGimpsey, W.G.; Thompson, R.-W. Oxidation of gamma-irradiated ultrahigh molecular weight
polyethylene. J. Appl. Polym. Sci. 2000, 77, 2525-2542. [CrossRef]

Martinez-Morlanes, M.; Castell, P.; Alonso, P.J.; Martinez, M.; Puértolas, ]. Multi-walled carbon nanotubes acting as free radical
scavengers in gamma-irradiated ultrahigh molecular weight polyethylene composites. Carbon 2012, 50, 2442-2452. [CrossRef]
Collier, J.P; Sperling, D.K.; Currier, ].H.; Sutula, L.C.; Saum, K.A.; Mayor, M.B. Impact of gamma sterilization on clinical
performance of polyethylene in the knee. J. Arthroplast. 1996, 11, 377-389. [CrossRef] [PubMed]

Halliwell, B.; Gutteridge, ].M. Free Radicals in Biology and Medicine; Pergamon Press: Oxford, UK, 1985.

Grujicic, M.; Arakere, G.; He, T.; Bell, W.; Cheeseman, B.; Yen, C.-E; Scott, B. A ballistic material model for cross-plied
unidirectional ultra-high molecular-weight polyethylene fiber-reinforced armor-grade composites. Mater. Sci. Eng. A 2008, 498,
231-241. [CrossRef]

Cunniff, PM. Dimensionless parameters for optimization of textile-based body armor systems. In Proceedings of the 18th
International Symposium on Ballistics, San Antonio, TX, USA, 15-19 November 1999; pp. 1303-1310.

Phoenix, S.L.; Porwal, PK. A new membrane model for the ballistic impact response and V50 performance of multi-ply fibrous
systems. Int. |. Solids Struct. 2003, 40, 6723-6765. [CrossRef]

Forster, A.L.; Leber, D.D.; Engelbrecht-Wiggans, A.; Landais, V.; Chang, A.; Guigues, E.; Messin, G.; Riley, M.A. Linking Theory to
Practice: Predicting Ballistic Performance from Mechanical Properties of Aged Body Armor. J. Res. Natl. Inst. Stand. Technol. 2020,
125, 125026. [CrossRef]

Engelbrecht-Wiggans, A.; Krishnamurthy, A.; Burni, E; Osborn, W.; Forster, A.L. Cutting procedures, tensile testing, and ageing
of flexible unidirectional composite laminates. JoVE J. Vis. Exp. 2019, 146, e58991.

Engelbrecht-Wiggans, A.; Forster, A. Aged and Unaged Ultra High Molar Mass Polyethylene Flexible Unidirectional Composite Laminate
Tensile Testing for Soft Body Armor Applications; National Institute of Standards and Technology: Gaithersburg, MD, USA, 2021.
[CrossRef]

Engelbrecht-Wiggans, A.; Hoang, T.N.; Bentley, V.; Krishnamurthy, A.; Kaplan, L.; Forster, A.L. Effect of Elevated Temperature
and Humidity on Fibers Based on 5-amino-2-(p-aminophenyl) benzimidazole (PBIA). SN Appl. Sci. 2020, 2, 705. [CrossRef]
Phoenix, S.L.; Newman, W.I. Time-dependent fiber bundles with local load sharing. II. General Weibull fibers. Phys. Rev. E 2009,
80, 066115. [CrossRef] [PubMed]

Newman, W.; Phoenix, S. Time-dependent fiber bundles with local load sharing. Phys. Rev. E 2001, 63, 021507. [CrossRef]
Engelbrecht-Wiggans, A.; Phoenix, S.L. A stochastic model based on fiber breakage and matrix creep for the stress-rupture failure
of unidirectional continuous fiber composites. Int. J. Fract. 2019, 217, 1-34. [CrossRef]


http://doi.org/10.1177/0040517508090487
http://doi.org/10.1016/S0734-743X(96)00017-6
http://doi.org/10.1106/YRBH-JGT9-U6PT-L555
http://doi.org/10.1016/j.polymdegradstab.2007.03.030
http://doi.org/10.1016/j.polymdegradstab.2010.10.004
http://doi.org/10.1016/j.polymertesting.2012.06.009
http://doi.org/10.1016/j.polymdegradstab.2020.109364
http://doi.org/10.3390/polym14071324
http://www.ncbi.nlm.nih.gov/pubmed/35406198
http://doi.org/10.1016/0032-3861(95)96848-3
http://doi.org/10.1016/S0142-9418(02)00127-7
http://doi.org/10.1016/j.compstruct.2021.114638
http://doi.org/10.1002/1097-4628(20000912)77:11&lt;2525::AID-APP22&gt;3.0.CO;2-I
http://doi.org/10.1016/j.carbon.2012.01.066
http://doi.org/10.1016/S0883-5403(96)80026-X
http://www.ncbi.nlm.nih.gov/pubmed/8792243
http://doi.org/10.1016/j.msea.2008.07.056
http://doi.org/10.1016/S0020-7683(03)00329-9
http://doi.org/10.6028/jres.125.026
http://doi.org/10.18434/mds2-2488
http://doi.org/10.1007/s42452-020-2489-6
http://doi.org/10.1103/PhysRevE.80.066115
http://www.ncbi.nlm.nih.gov/pubmed/20365239
http://doi.org/10.1103/PhysRevE.63.021507
http://doi.org/10.1007/s10704-019-00359-9

Polymers 2023, 15, 1347 17 of 17

39. Engelbrecht-Wiggans, A.; Phoenix, S.L. A stochastic model based on fiber breakage and matrix creep for the stress-rupture failure
of unidirectional continuous fiber composites 2. Non-linear matrix creep effects. Front. Phys. 2021, 9, 644815. [CrossRef]

40. Phoenix, S.; Beyerlein, 1. Chapter 1.19: Statistical Strength Theory for Fibrous Composite Materials; Comprehensive Composite
Materials; Elsevier: Amsterdam, The Netherlands, 2000; Volume 1.

41. Engelbrecht-Wiggans, A.; Forster, A. Aged and Unaged Flexible Unidirectional Composite Laminate Tensile Testing for Soft Body Armor
Applications; National Institute of Standards and Technology: Gaithersburg, MD, USA, 2018. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fphy.2021.644815
http://doi.org/10.18434/M32078

	Introduction 
	Materials and Methods 
	Material and Specimen Allocation 
	Accelerated Aging Parameters 
	Mechanical Testing 
	Scanning Electron Microscopy 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

