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Abstract

Flexible Unidirectional (UD) composite laminates are commonly being used for ballistic-
resistant body armor. These laminates comprise UD layers, each constructed by laminating
thin layers of high-performance fibers held in place using very low modulus binder resins,
with the fibers in each layer oriented parallel to each other. As these materials are used in
body armor, it is important to investigate their long-term reliability, particularly with
regards to exposure to temperature and humidity as these are known causes of degradation
in other commonly used body armor materials. This work investigates the tensile behavior
of a poly(p-phenylene terephthalamide), or PPTA flexible UD laminate aged for up to 150
d at accelerated conditions of 70 °C and 76 % relative humidity (RH). Tests were
performed at three different crosshead displacement rates and three different gauge lengths.
The effect of ageing on the mechanical properties of the material resulted in less than 10 %
degradation in tensile strength, with a more significant reduction in longer specimens when
tested at slower rates.

Introduction

Body armor has, to date, saved over 3100 law enforcement officers’ lives [1]. To
investigate the long-term safety, dependability, and effectiveness of body armor, it is
critical to understand the stability of the materials from which armor is made. The
investigation of a field failure of a body armor made from poly(p-phenylene-2,6-
benzobisoxazole), or PBO, in 2003, resulted in the formation of a research program at the
National Institute of Standards and Technology (NIST) that focuses on the stability of such
high-strength fibers. For example, PBO was found to degrade rapidly with exposure to
humidity [2, 3], leading to major revisions in the National Institute of Justice’s (N1J’s) body
armor standard [4]. Since the release of this revised standard, work has continued at NIST
to examine the mechanisms of ageing in other commonly used fibers such as ultra-high-
molar-mass polyethylene (UHMMPE) [5, 6] and poly(p-phenylene terephthalamide), or
PPTA, commonly known as aramid [7].

While most body armor is made from woven fabrics, some newer body armor is made from
flexible composite laminates, which feel similar to woven fabrics but lack the woven
construction. These laminates are made up of thin layers (<0.05 mm) of unidirectional
(UD) continuous fibers, where the fibers in consecutive layers are aligned perpendicular to
each other, as depicted in Figure 1. These laminates are typically constructed from layers
of aligned PPTA or UHMMPE fibers held in place with a small amount (20 % or less by
mass [8]) of a binder resin. Flexible UD composite laminates offer several advantages over
woven material, in that they avoid the strength loss typically caused by weaving, and also
utilize smaller diameter fibers to provide a similar performance to woven fabrics but at a
lower weight.

The term “unidirectional” may have several different definitions, depending on the end-
use application of the final product. For example, in aerospace composite applications,
layers may be hundreds of fibers thick with a matrix volume fraction between 35 % and
50 % [9]. In contrast, in body armor applications, unidirectional generally refers to a layup
of alternating orthogonal layers, where each layer has a thickness of less than 10 fibers. In
addition, the matrix volume fraction is comparatively very low due to the near-hexagonal
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packing arrangement of the fibers [8]. For the purposes of this work, the intended
application of the material is for body armor, and full details of the material are given in
the Experimental section.

Figure 1 Schematic representation (left) of the UD laminate, showing the hexagonal
packing and the five fiber thick perpendicular layers, and a micrograph (right) showing the
structure of the actual material.

PPTA is a condensation polymer and is susceptible to degradation [10, 11] by chain
scission through a hydrolysis reaction that attacks the amide linkage between phenylene
rings; this hydrolysis is generally expected to be catalyzed by an acid or base [12]. PPTA
has been found to physically and chemically degrade with exposure to environments of
elevated temperature, humidity, light, pH, or some combination thereof [3, 10, 11, 13-20].
The susceptibility of this material to degradation by ultraviolet (UV) light is well-known,
and armor packages are designed to protect the PPTA from exposure to UV light [21]. The
effects of exposing PPTA to elevated temperature and relative humidity (RH) have been
documented by [7, 10, 11, 14]. These studies typically investigate temperatures in excess
of 100 °C for relatively short times, and only one study, [7], uses timeframes and conditions
likely to be seen in body armor. From these studies it is apparent that PPTA is susceptible
to degradation with exposure to high temperatures and humidity but degrades very slowly
under typical use conditions for body armor.

In contrast to the PPTA fibers, only preliminary research has been performed to
characterize the ageing of the binder resins used in these UD laminates. Furthermore, the
effect of binder ageing on the ballistic performance of the UD laminate is unclear as the
impact force is carried mainly by the fibers. Yet during the development of the conditioning
protocol used in NIJ Standard-0101.06, the aged UD laminates showed visual signs of
delamination and reductions in Vs [22] after ageing, where Vs is the velocity at which half
of the projectiles are expected to penetrate the armor [23]. These results demonstrate the
need for a thorough understanding of the UD laminate’s material properties with ageing in
order to evaluate the material’s long-term structural performance.

Very little research [24] has been carried out to evaluate the tensile strength of flexible UD
composite laminates. Most UD composite tensile testing is on rigid UD composites, as in
[25-32]. While the flexible laminates can be built up and hot pressed into a rigid composite,
this is not done in soft body armor, where this material is used. Hot pressing was thus not
explored, as it is not expected to give representative results for the flexible material as it is



used in body armor. Since the exact role of the binder is not fully understood, it is necessary
to test the entire composite as a whole to comprehensively determine the effects of ageing.

This study focuses on the tensile strength of an aramid flexible UD laminate under one set
of environmental ageing conditions. The tensile strength was chosen as a relevant metric
because it can be related to the material’s Vso through research by Cunniff [33] and by
Phoenix and Porwal [34].

Experimental

The flexible UD composite laminate used in this study consisted of two layers, each layer
having a thickness of approximately 5 PPTA fibers, each with an approximate diameter of
11 pm, all held in place with a very low modulus binder resin. The laminate was aged in
an environmental chamber at 70 °C and 76 % RH and extracted at five different time
intervals: approximately 30 d, 60 d, 90 d, 120 d and 150 d. This particular ageing condition
was chosen based on prior studies of PPTA to accelerate the ageing process as much as
possible without inducing new forms of degradation, such as combustion, and also because
there are prior studies of PPTA fibers at this specific ageing condition [7]. The
environmental chamber provided control to + 1 °C and £ 5 % RH.

The unaged and aged laminates were cut into 30 mm wide specimens of various lengths
(100 mm, 300 mm and 900 mm gauge lengths) and tensile tested at three different
crosshead displacement rates (1 mm/min, 10 mm/min, and 100 mm/min). Cutting was
performed on a self-healing cutting mat using a medical scalpel and a straight edge. Care
was taken to align the specimens with the fiber direction. Unless otherwise stated,
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 were woven. After
cutting, the specimens were then tensile tested using capstan grips in a screw driven
universal load frame equipped with a 5 kN load cell. A non-contacting video extensometer
was used to measure strain at three different locations along each specimen’s width, and
these three strain values were averaged to determine the failure strain. Further details, and
rationales, on the specimen ageing, cutting and testing procedure are described in [35].
Scanning Electron Microscopy (SEM) imaging of the unaged fiber laminate was carried
out after depositing a nominal (3 nm —5 nm) Au/Pd coating on a small laminate cross-
section (less than 0.5 mm by 0.5 mm by 1 mm). The imaging parameters were kept identical
to previous studies described in [34].

For convenience, the terms ‘warp’ and ‘weft’ will be used to describe specimen orientation
with regards to the original roll of material, even though this material is not woven and
thus does not technically have a ‘warp’ or ‘weft.” The ‘warp’ direction is that perpendicular
to the axis of the cylindrically-shaped bolt on which the material is rolled, while the ‘weft’
direction is parallel to the bolt’s axis. Clarifying figures to indicate specimen orientation
and warp and weft terms are provided in [35].

For the purposes of this paper, the stress values reported are the load values divided by the
total cross-sectional area. The thickness was determined by 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 0.106 mm with a standard deviation of 0.002 mm. For comparison, the
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thickness was also measured at five locations from SEM micrographs. For each micrograph
an algorithm was used to calculate the average distances between the top and bottom
surfaces over 0.75 mm. An average thickness of 0.109 mm with a standard deviation of
0.002 mm was determined using this method. Figure 2 shows a typical SEM micrograph
of the cross-section, with a single thickness measurement marked. For calculating the
cross-sectional area, the 0.106 mm value for thickness was used along with the nominal
specimen cutting width.

Figure 2 A scanning electron microscope (SEM) micrograph of a typical cross-section of
the UD laminate.

If the fiber volume fraction is known, then the composite stress can be related to the fiber
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.
Fiber volume fraction was estimated by the following method, first the number of fibers in
given SEM micrograph (such as Figure 2) were counted for a fixed rectangular area, then
the cross-sectional area of individual fibers were determined by mapping the visible fiber
cross-section, then the total area occupied by the fiber was computed and used to determine
the fiber volume fraction. Specific information on these calculations can be found in the
supplemental information. Based on this method, the overall estimate of the fiber volume
fraction for this UD laminate is approximately 78%, with a standard deviation of
approximately 3 % based on fibers per unit area measurements from four different
micrographs and cross-sectional areas from seven different fibers.

Modeling

Weibull modeling

The failure process for fiber bundles, both with and without a matrix, has been a subject of
research since the 1930’s. Weibull [36] applied a ‘weakest link’ approach to describe the
strength of a single fiber, in which the fiber segment with the lowest individual strength
fails first, causing overall fiber failure. Over the years, the Weibull distribution has become
commonly used to describe both fiber and composite strength [37]. Three common
assumptions for how fiber failure is handled in a composite are global load sharing, equal
load sharing, and local load sharing [37]. Global load sharing assumes that when a fiber
fails it is fully unloaded and the remaining fibers all share the full load equally, as in fiber
bundles without a matrix (or yarns) [38]. Equal load sharing assumes that a failed fiber
only unloads for a short distance, but then all the remaining fibers in that length share load



[39]. Local load sharing assumes that only the fibers near a break are overloaded, resulting
in local stress concentrations. Local load sharing has been of most interest in recent times,
starting with simplified two dimensional composites [40], i.e. tapes, and load sharing for
three dimensional unidirectional fiber arrays have also been investigated [41, 42]. Batdorf,
Bader, Priest, Harlow and Phoenix [39, 43, 44], compared these different load sharing
mechanisms and how they affected the resulting composite strength. Smith, McCartney,
Newman and Phoenix [45-47] incorporated time-dependent failure mechanisms. A
detailed discussion and summary of applicable theory can be found in Phoenix and
Beyerlein [37], and [48, 49] also provide an extensive review. For this type of composite,
where the load is primarily carried by unidirectional continuous fibers, the Weibull
distribution has been found to be effective in describing failure strength.

The Weibull distribution for ultimate tensile strength results from the starting assumption
that the occurrence of natural, inherent flaws along a fiber is well described by a Poisson-
Weibull model. The probability of failure for the basic two parameter Weibull distribution
is given by [36]:

Lo )
Pf :1eXp{E£aj }, (l)

where o, is the Weibull scale parameter, « is the Weibull shape parameter, L is the
specimen length and Lo is a reference length.

Modeling of time-dependent properties of fibers was addressed by Phoenix and Newman
[46, 47]. For the PPTA fibers in the UD laminate studied here, the rate dependence of the
composite laminate is predominantly driven by the binder matrix properties as compared
to PPTA fibers. At slow loading rates, the matrix has time to creep in shear, thus increasing
the overloaded length next to a broken fiber. At slow loading rates, the matrix creep
properties play a defining role in the composite’s strength. 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 in Engelbrecht-Wiggans [50].

Cunniff’s strength to Vso relation

Cunniff described a relationship between a material’s strength and the resulting armor’s
Vso [33]. He used dimensional analysis to determine a relationship between two
dimensionless parameters, written in functional notation as:

cp( 0,%):0. @)

In (2), the first dimensionless parameter, I, is the ratio of the material’s areal density to
the projectile’s sectional density:

F0:'6\1Ap | 3

My,

where Agq is the armor system areal density, A is the projectile presented area, and mp is
the projectile mass. The second dimensionless parameter in (2) is the Vso velocity scaled
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by the cubed root of Q, where Q is the product of the material’s specific toughness with
the strain wave velocity:

0=2¢ |E ()

2p\ p
where o is the ultimate axial tensile stress, ¢ is the ultimate axial tensile strain, pis the
material density, and E is the Young’s modulus.
Ageing the material causes changes in its mechanical properties, including ultimate tensile
stress, ultimate tensile strain, and Young’s modulus. The material density is assumed to
stay constant, as was seen in [17], where the linear density was unaffected by the
sorption/desorption of water. The ratio of the Vso of aged material with that of unaged

material, for a constant projectile type, can then be calculated as a function of these material
parameters as follows. As the projectile type is fixed, T, is constant. Since the relationship

between the two terms in (2) is bijective, if the first term is constant then the second
dimensionless term in (2) must also remain constant. Thus, Vso is proportional to the cubed
root of Q:

V,, oc QY. (5)

Writing this for aged and unaged material gives the ratio
V50 aged _ {Qaged j aged aged ’ aged f
V50 new Qnew new new

3
_ Uaged gaged Eaged
O o € E

(6)

new — new new

For these UD composite laminates, the stress-strain curve is typically linear, without a
yielding region, such that

E=Z. 7
&

Substituting (6) into (5) give the expression

1 1 1
3 1 1
V50 aged _ Gaged gaged Gaged gnew _ (Gaged JZ (‘c"agw JG (8)
V50 new O-new gnew o_new gaged O-new gnew
where the Vso retention of a material after ageing is a simple function of the aged and
unaged ultimate tensile stress and strain.

Phoenix- Porwal model’s strength to Vso relation

Cunniff derived (2) through (4) empirically from extensive data. Taking a theoretical
approach, Phoenix and Porwal modeled ballistic impact into a homogeneous membrane



[34]. The resulting equation for Vso retention after ageing is notably similar to Cunniff’s
equation. Phoenix and Porwal derived that

11
L2362 (140°T,)
V,, =Q° , 9)

3

4
Kmax

where Q isthe same as givenin (4), € is an adjustment parameter, typically between 1.25
and 1.35, to account for various factors such as plastic projectile nose deformation, fabric
wraparound, etc., and K, is given by:

3
l//max
46°T, (y2, —-1)] wlf(wmax—l)
O(V/max )} E (10)

!//rgax !
3(1+6°T [
( + 0) |n{1+ @(l//max _1)}
&
and where y__ is approximated by

/1+ 0°T,
~ . 11
W max 202r0 ( )

The parameters 6 and T, are projectile dependent, thus @, I';, and y,__ can be held
constant such that

Kiax = exp{

[ofie )

V,, oc Q3g12 :
\/‘”;X (Voo 1) (12

Thus, Vso retention is as follows, when using equations (9) through (11):
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While more complicated than Cunniff’s corresponding equation, (8), the two analyses give
remarkably similar results. Furthermore, it can be shown that if ¢, , <&, then the Vso

age!
retention as predicted by Phoneix and Porwal, (13), will be more conservative, i.e. lower,
than that predicted by Cunniff’s equation, (8). A demonstration of this is given in the
Appendix.

Results

All data associated with this publication is archived through the NIST Public Data
Repository at doi:10.18434/M32078 [51]. The UD material laminate was aged as
described above for up to 150 d, with extractions made approximately every 30 d.
Specimens were cut 30 mm wide at three different gauge lengths and tested at three
different crosshead displacement rates. Figure 3 is a plot of the mean strength retention, i.e.
the average ultimate tensile stress, also referred to as the strength, of at least 30 specimens
divided by the initial average strength. The error bars in Figure 3 are the standard deviation
of the mean strength retention divided by the square root of the number of specimens.
Figure 4 is a plot of the Weibull scale parameter for the same specimens, where the error
bars are the 95 % confidence interval from Maximum Likelihood Estimation. In both
Figures 3 and 4 there is a general downward trend, indicative of degradation, although the
percent degradation is less than 10 %, indicating that the material retains most of its
strength after exposure to these ageing conditions. The numerical values for the specimens
plotted in Figures 3 and 4 are given in Tables 1 through 3.
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Figure 3 Mean strength retention (%) as a function of days aged, where error bars
represent approximately the standard error of the mean. Specimens are all 30 mm wide
with a gauge length of 300 mm, tested at either 2700 mm/min, 10 mm/min or 1 mm/min
for the blue square, orange circle, and yellow diamond markers, respectively. Effective

loading rates in terms of MPa/s are given in the legend.
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Figure 4 Weibull strength scale parameters (MPa) as a function of ageing time (days),
with the 95% confidence interval plotted as error bars. Specimens are all 30 mm wide,
with varying gauge lengths and loading rates, as specified.

10



Tables 1 and Supplemental Table 1 give the mean values, with the standard deviations in
parentheses, of each set of specimens for the ultimate tensile stress and ultimate tensile
strain, respectively. Table 2 and Supplemental Table 2 give the Weibull scale and shape
parameters of each set of specimens for the ultimate tensile stress and ultimate tensile strain,
respectively. Table 3 and Supplemental Table 3 gives means, standard deviations, and
Weibull scale and shape parameters for the weft specimens, cut at a gauge length of
300 mm and tested at a crosshead displacement rate of 10 mm/min, for ultimate tensile

stress and strain, respectively. Each set consisted of between 27 and 44 specimens.

Table 1 Mean ultimate tensile stress (MPa), with standard deviations in parentheses.

gauge loading rate days aged
(mm) (mm/min) 0 30 58 93 127 153
300 1 872.2 | 859.1 816.9 | 840.9 | 8215
(30.7) | (40.2) (37.0) | (35.3) | (65.7)
300 10 908.6 | 899.1 | 898.2 | 892.6 | 8514 | 837.6
(39.6) | (32.8) | (45.9) | (28.3) | (93.0) | (64.0)
913.3 | 9145
300 100 (44.5) | (40.8)
920.1 | 9425 940.7 906.3
100 10 (25.3) | (30.1) (29.4) (36.2)
818.3 | 8584 745.8 808.9
900 10 (51.6) | (58.7) (86.1) (56.0)

Table 2 Weibull scale and shape (in parentheses) parameters for ultimate tensile stress

(MPa).
gauge loading rate days aged
(mm) (mm/min) 0 30 58 93 127 153
300 1 886.6 | 886.0 824.1 | 851.8 | 837.8
(29) (20) (18) (23) (14)
300 10 927.0 | 911.1 | 918.7 | 896.9 | 870.8 | 857.3
(27) (24) (24) (24) (12) (14)
934.2 | 933.2
300 100 (24) (28)
931.9 | 954.1 951.9 925.1
100 10 (41) (27) (25) (28)
841.7 | 883.6 781.4 833.8
900 10 (19) (17) (12) 17)
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Table 3 Mean and standard deviation (in parentheses), and Weibull scale and shape (in
parentheses) parameters for ultimate tensile stress (MPa) for weft specimens with a gauge

of 300 mm and loading rate of 20 mm/min.

days aged
0 30 93 153
Mean 876.6 840.4 850.3 847.3
(SD) (45) (38) (37) (54)
scale 897.5 857.6 867.7 870.1
(shape) (22) (27) (26) (20)
0.99 0.99 _
0.9 : 0.95 | o
0.9 aged <100 d S 0.9 aged <100d o3
0.75 - tested 1 mm/min if 0.75 | |tested 10 mm/min /}'
0.5 0.5 |
2 a/ z #
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@ O :a
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* 30 days 58 days
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001 " " - — 001 L —k —_— -
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Strength (MPa) Strength (MPa)
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Figure 5 Weibull probability plots of failure strength for specimens with a 300 mm
gauge, (a) aged less than 100 d and tested at 1 mm/min, (b) aged less than 100 d and
tested at 10 mm/min, (c) aged over 100 d and tested at 1 mm/min, and (d) aged over 100
d and tested at 10 mm/min.

Figure 5 is a collection of Weibull probability plots, comparing the failure distributions as
a function of time for specimens aged less than 100 d (Figure 5a and 5b) and specimens
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aged more than 100 d (Figure 5¢ and 5d). In Figure 5a and 5c, the specimens were tested
at 1 mm/min and, in Figure 5b and 5d, the specimens were tested at 10 mm/min. During
the first 100 d (Figures 5a and 5b), there is minimal to no degradation in the specimens
tested at 10 mm/min (Figure 5b), in contrast to those tested at 1 mm/min (Figure 5a), where
the curves shift left with ageing and barely overlap each other. The slight overlap that does
occur may be due to the random sampling. After 100 d of ageing (Figures 5c and 5d),
however, the specimens tested at 10 mm/min do start to degrade as demonstrated by the
shift between the curves, while the specimens tested at 1 mm/min are more consistent
above a strength of about 800 MPa. In both Figure 5¢ and Figure 5d, the lower tails of the
aged distributions lengthen, increasing the overall variability. For the specimens tested at
10 mm/min, for the first 100 d the median of the distribution is fairly constant (less than
0.5% difference in the median), but after 100 d the median starts to shift left and the lower
tails spread out. In contrast, for the specimens tested at 1 mm/min, the median starts to shift
immediately, but stops after 100 d, when the lower tail spreads out.

102 . . . . . . .

100 = = i

98 - NSO |

96 1 R 1

T
i
1

94

VSO % reduction

-} - Cunniff
- } - Phoenix-Porwal

90 ' ' ' ' '
0 20 40 60 80 100 120 140 160

Time (d)
Figure 6 Vs retention for the 300 mm gauge length specimens tested at a loading rate of

10 mm/min. Error bars represent the standard error of the mean, i.e. standard deviation
divided by the square root of the number of samples.

Figure 6 shows the percent Vs retention for the specimens with a 300 mm gauge, tested at
10 mm/min, i.e. the same specimens as in Figure 5a. The Vso values were calculated for
each specimen, using equation (4) and (12), with w =1.6 (although analysis has shown
that Vso retention appears to be relatively insensitive to the value of y ). Then the results
at each extraction time were averaged and divided by the mean from the initial unaged
material in order to determine the mean Vso retention. The error bars in Figure 6 are the
standard deviation of the calculated Vso retention divided by the square root of the number
of samples. While the two models, Cunniff and Phoenix-Porwal, are very similar, the
Phoenix-Porwal model consistently predicts a greater loss in Vso. Both models predict Vso
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retention of greater than 92 % for all specimens tested after 150 d at 70 °C and 76 % RH.
The 900 mm specimens showed the greatest decrease in Vsg, with the Cunniff model
predicting 94 % and Phoenix-Porwal model predicting 92 % of the initial Vso. These values
are very similar to the 150 d aged data presented in Figure 6.
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Figure 7 Strength retention of the a) mean and b) Weibull scale parameter for PPTA UD
laminate specimens with a 100 mm gauge length compared to PPTA yarn specimens with
a gauge length of 79 mm, 1.6 twists per cm, tested at 23 mm/min, data from [7].

o

Figure 7 shows that the UD laminate specimens tested at the shortest gauge length are
highly comparable to yarn specimens. The fibers in both the UD laminate and the yarns
are PPTA, the gauge lengths are similar (100 mm and 79 mm), and the loading rates are
also similar (10 mm/min and 23 mm/min).

Discussion

Though a decrease in mechanical properties was observed as function of ageing time, a
certain amount of scatter in the data from a single set of specimens is expected, due to the
nature of the Weibull distribution that describes the ultimate strength. Each set of
specimens tested herein consisted of between 27 and 44 specimens to provide relatively
high confidence intervals on the mean and/or Weibull scale parameter. While a distribution
of failure strengths is expected, there are other considerations that may further complicate
comparisons between various datasets. In particular, the strength may exhibit variation
within the roll. This could be due to damage, such as to the edges of the roll or the outermost
layers, caused during manufacture or transportation and handling. Location-dependent
strength may also be attributed to manufacturing defects. Manufacturing defects were
observed in one location in the 20 meter long roll used, and that portion of the laminate
was discarded. However, other manufacturing irregularities that cannot be visually
detected may also exist that could lead to variability in the strength. Figure 8a and 8b show
examples of macroscopic damage, while Figure 8c shows kink bands which are a potential
smaller scale form of damage. When the roll of material was cut into strips for the ageing
chambers, some randomization of the original roll location occurred within sets of
specimens taken for testing. This randomization was minimal, so any location-dependence
in strength would have been generally preserved. If there is no locational variation in
strength, then the effect of randomizing specimen location would be nonexistent. With
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randomization the strength distribution is widened, and assuming that the locational
strength variation is caused by defects, randomization would decrease the average strength
value. Location dependence will be considered for future studies but is not further
investigated or discussed here.

Figure 8 Images of damaged UD laminate material showing (a) visually detectable damage
in the form of a fold (b) missing horizontal yarns and (c) single fiber kink bands, which
cannot be discerned without a microscope.

Another consideration is the cutting accuracy with regards to a constant width specimen of
exactly 30 mm wide. Specimens were nominally 30 mm wide, and the cutting method used
ensured an average width of 30 mm, however, variations in width between individual
specimens could be as much as 1 mm. The specimens with a gauge length of 900 mm were
more challenging to cut. This resulted in more specimens damaged (and thus discarded)
during the cutting process, resulting in fewer specimens per set, as well as more error in
the effective width of these specimens. Despite precautionary measures in specimen
preparation, some of the tested 900 mm gauge length specimens may have had other forms
of damage along the cut edge that did not appear in the shorter specimens. Because of the
difficulty in accurately cutting a 30 mm wide strip for a specimen with a gauge length of
900 mm, these specimens have considerably more variation in their strength (higher
standard deviation, lower Weibull shape parameter) than the wider specimens.

Prior work [7] shows that the tensile strength of aramid yarns did not decrease before 100
d of exposure at the 70 °C and 76 % RH condition. In that study there is some evidence
that, at 70 °C, there may be a superficial increase in aramid strength that lasts until the 100
d mark. This is potentially attributable to a change in the amount of friction at fiber surfaces,
perhaps from sizing. The strength increase will be the subject of a future publication.

For the material and geometries we studied, the slowest loading rate reveals that most of
the degradation occurs prior to 100 d of ageing, as seen in Figure 3. Since the degradation
is more prominent in the slower loading rates in the first 100 d than it is for the higher
loading rates in the same time period, this leads to the conclusion that there is degradation
in the binder resin. In fact, in [35] we included an SEM image showing that the binder resin
on the outside of the laminate is disappearing with ageing. After 100 d of ageing, the PPTA
fibers may begin to degrade, which could potentially explain why the loading rate versus
degradation trend does not continue after 100 d. The specimens tested at the slowest
loading rates remain the weakest, even after 100 d, as can be seen in Figure 4. While the
difference between the specimens that are unaged and those aged 153 d is typically on the
order of one standard deviation, this difference is multiple standard errors, and the failure
distributions are distinct, as shown in Figure 5 for the specimens with a gauge length of
300 mm, tested at 10 mm/min and 1 mm/min.

15



While the majority of the specimens had a gauge length of 300 mm, specimens with gauge
lengths of 100 mm and 900 mm were also tested. The Weibull shape parameter should be
independent of the volume of material, yet the opposite is seen in this data. The increased
variation in the 900 mm specimens is directly attributable to the increased difficulty, and
thus error, in preparing specimens for testing. When comparing the variation in 200 mm
and 300 mm gauge specimens, the variability is initially unaffected by ageing. The final
ageing interval for the 100 mm specimens has variability consistent with the previous 100
mm specimen data, while the variability increases for the 300 m specimens after 100 d.
Maximum likelihood 95 % confidence intervals for the scale parameter can be seen in
Figure 3, and 95 % confidence intervals for the shape parameter would be larger, given the
population of approximately 30 specimens.

The appearance of failed specimens differs as a function of gauge length, but not of ageing
or of loading rate. At 100 mm, practically none of the specimens had fully separated by the
time the load had declined 90 % from the ultimate load. In contrast, most of the 300 mm
specimens, and all of the 900 mm specimens, fully separated into two pieces during failure.
Furthermore, the 900 mm specimens become wrinkled during failure.

In comparing the warp direction specimens to the weft direction specimens, the weft
direction specimens are initially weaker than the warp specimens, perhaps due to extra
handling of the weft fibers in manufacturing. The material degradation was thus more
evident in the warp direction specimens (as seen in Figure 3), though after 150 d at 70 °C
and 76 % RH, their strengths were comparable.

At most, the degradation in strength for any of the specimens is less than 10 % of the initial
strength and was observed mostly in the specimens tested at slower loading rates.
Obviously, these specimens were all tested well below the speed of a ballistic event. Using
Cunniff and Phoenix-Porwal’s Vsg predictions, the level of degradation observed in these
tests would predict a reduction of less than 8% in the predicted Vso for the Cunniff or the
Phoenix-Porwal models. Based on other research [22], there is reason to believe that these
predictions may be conservative, and that the true reduction in Vso may be even less than
that predicted by the Cunniff or the Phoenix-Porwal models. However, the observed
variance is small enough that there does appear to be discernable degradation, even though
it is fairly small.

Conclusions and Future Work

The strength of the PPTA flexible UD laminate specimens we studied degrades with
exposure, however, the degradation in ultimate tensile stress is less than 10 % after 150 d
at 70 °C and 76 % RH. Since these PPTA UD laminate samples were exposed to
accelerated ageing conditions, this result of minimal degradation is encouraging for the use
of this material as a real-world body armor material, where the degradation environment
would be much less harsh. This observation is underscored by a predicted reduction in the
V5o of armor made from this material of only 8 %. During the first 100 d of accelerated
ageing, degradation seems to mainly occur in the binder resins. Strength degradation in the
PPTA fibers begins after 100 d exposure.

Future work should pinpoint the causes of the observed degradation in failure strength,
including examining the chemical composition of the fibers, binder and interface for
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changes with ageing; determining the effects of additional ageing, both environmental but
also including mechanical damage such as folding and abrasion; examining the binder resin
using different techniques; and establishing whether binder degradation alone leads to
reduced Vso performance, with or without delamination of the composite.
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Appendix
Comparison of Cunniff and Phoenix-Porwal approaches to empirically-determined
ballistic limit

In comparing equations (8) and (13), it can be shown that the two equations differ by the
term:
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(14)

It can be shown that if the strain after ageing is less than the strain before ageing then the
Phoenix-Porwal model will always predict a greater change in Vsg than is predicted by the
Cunniff model. A demonstration follows.

Bernoulli’s equation states that if r [0,1] and x > -1, then

(1+x) <l+rx. (15)
Define
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which is the difference between the Cunniff model’s and the Phoenix-Porwal model’s
predictions for the reduction in Vso.

Supplemental

Supplemental Table 1 Mean ultimate tensile strain (%), with standard deviations i

parentheses
gauge loading rate days aged
(mm) (mm/min) 0 30 58 93 127 153
300 1 2.72 2.77 2.61 2.64 2.63
(0.09) | (0.07) (0.12) | (0.10) | (0.17)
300 10 2.79 2.76 2.76 2.78 2.71 2.57
(0.12) | (0.10) | (0.08) | (0.08) | (0.11) | (0.18)
2.67 2.70
300 100 (0.13) | (0.12)
2.86 2.86 2.92 2.88
100 10 (0.09) | (0.09) (0.08) (0.12)
2.57 2.56 2.36 2.47
900 10 (0.13) | (0.15) (0.24) (0.15)
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Supplemental Table 2 Weibull scale and shape (in parentheses) parameters for ultimate
tensile strain (%)

gauge loading rate days aged
(mm) (mm/min) 0 30 58 93 127 153
300 1 2.76 2.78 2.65 2.68 2.68
(32) (27) (23) (28) (20)
300 10 2.85 2.79 2.80 2.80 2.76 2.63
(29) (27) (38) (26) (15) (15)
2.74 2.76
300 100 (24) (26)
2.90 2.89 2.93 2.92
0 R I I @1 (25
2.62 2.62 2.46 2.52
900 10 @5 | (o) (12) 21)

Supplemental Table 3 Mean and standard deviation (in parentheses), and Weibull scale
and shape (in parentheses) parameters for ultimate tensile strain (%) for weft specimens
with a gauge of 300 mm and loading rate of 10 mm/min

days aged
0 30 93 153
Mean 2.80 2.71 2.71 2.68
(SD) (0.12) (0.11) (0.13) (0.14)
scale 2.86 2.76 2.77 2.74
(shape) (31) (31) (24) (24)

Fiber Volume Fraction Determination

The following procedure was used to estimate the fiber volume fraction from the SEM
micrographs:

1. Estimation of average fiber cross-sectional area: Three SEM micrographs were
obtained using similar magnification settings, and then contrast corrected. Fiber
surfaces with clearly defined cross-sections (not damaged from the cutting process)
were used for determining fiber cross-sectional area. Approximately 3 to 4
individual fibers were carefully selected from each micrograph and a freeform
boundary was manually constructed using a commercially available image
processing software. Finally, the area enclosed within the boundary was estimated,
as shown below. Statistical outlier values of individual fiber surface area were
eliminated as determined by 1.5 times the inter-quartile range.
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Figure S1 SEM micrograph of a cross section of a UD laminate with the indicated
highlighted areas used to estimate the cross-sectional area of different fibers.

2.

3.

Next, a rectangular region was chosen from four SEM micrographs and the total
number of fibers within the identified region was manually determined.

Using the individual fiber cross sectional area, and the estimate of the total
number of fibers per unit area, an approximate fiber volume fraction was
estimated as shown in the table below.

Supplemental Table 4 Calculations for the estimation of net fiber volume fraction in a
UD laminate. The standard deviations are derived from at least three measurements for
SEM cross-section area (Areasewm), fibers within the SEM cross-section area (Nfiber), and
the average fiber cross-section area (Areafiber).

Fiber Fraction
Area | Areatgtm
_ Areafiber (um?) (%)
SEM Nfiber (M2  Area fiver X
(um?) iber (Area wotal/Area
Nfiber sem) X 100
Average 16865.8 133.8 99.5 13306.4 78.9
Std. dev  244.8 4.8 2.4 571.4 3.6
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