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Previous work conducted at the National Institute of Standards and Technology (NIST) to investigate the
field failures of soft body armor containing the material poly(p -phenylene-2,6-benzobisoxazole), or PBO,
revealed that this material was susceptible to hydrolysis, and a mechanism of this hydrolysis was
proposed. In this work, viscometric estimations of the molar mass of environmentally conditioned PBO
are used to support a previously proposed mechanism of PBO hydrolysis. Results with PBO were
compared with poly(p-phenylene terephthalamide), or PPTA, which has been used in body armor
applications for more than 30 years. Losses in tensile strength were found to correspond to a reduction in
molar mass for PBO. This indicates that chain scission due to complete hydrolysis is occurring in this
material. Similar trends were observed for PPTA, but the relationship between molar mass reduction and
losses in tensile strength was not as evident for this material. Confocal microscopy, mechanical prop-
erties measurements, and molecular spectroscopy are used to further investigate the degradation of both
PBO and PPTA.

Published by Elsevier Ltd.
1. Introduction

In the summer of 2003, failures of soft body armor containing
the material poly(p-phenylene-2,6-benzobisoxazole), or PBO, led
to the 2003 US Attorney General’s Safety Initiative to study this
material. The National Institute of Justice (NIJ) and the National
Institute of Standards and Technology’s (NIST) Office of Law
Enforcement Standards (OLES) have been partners in the devel-
opment of performance standards for body armor since the 1970’s.
In response to the 2003 Attorney General’s Initiative, OLES and
NIST worked closely with NIJ to examine issues concerning PBO
durability in the field and published several reports [1e3] doc-
umenting the degradation of PBO fiber in elevated conditions of
moisture and temperature. Other work previously published at
NIST documented a detailed examination of the failure of an offi-
cer’s PBO armor in the field [4]. Two key observations from this
study were that yarns extracted from the officer’s armor showed
a 32% reduction in tensile strength when compared with yarns
extracted from a new armor, and that infrared analysis of yarns
from the officer’s vest showed evidence of degradation in the
molecular structure of PBO (Fig. 1). Further studies at NIST
ter).
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examined the degradation of PBO armors under controlled labo-
ratory conditions [5]. A crucial finding from these studies was that
PBO fibers degrade when exposed to elevated conditions of
moisture and temperature (50 �C, 60% RH), but are stable when
exposed to elevated temperature (55 �C) in a dry environment. This
work resulted in a proposed mechanism of PBO hydrolysis, sup-
ported by previous work on hydrolysis of benzoxazoles and oxa-
zoles [6e17], which could lead to chain scission, and a subsequent
molar mass reduction, as depicted in Fig. 3 [5]. To further investi-
gate this mechanism, a study was designed to examine hydrolytic
changes in the tensile strength and molar mass of PBO and
poly(p-phenylene terephthalamide), or PPTA (Fig. 2). A proposed
mechanism for the hydrolysis leading to chain scission of PPTA is
given in Fig. 4 [18,19]. The main purpose of this study is to ascertain
whether or not the degradation of PBO due to environmental
conditioning results in complete (leading to chain scission, Fig. 3,
Step 3.) or partial hydrolysis (ceasing at the ring opening step,
Fig. 3, Step 2.). This study involved controlled exposures of both
PPTA and PBO fibers to hydrolytic conditions. Samples were taken
periodically and analyzed using tensile testing to determine their
residual tensile strength, molecular spectroscopy for evidence of
hydrolysis, and viscometry for a qualitative analysis of changes in
molar mass. Confocal microscopy was performed on unexposed
and exposed fibers to look for obvious changes in the fiber surface.
These results of these studies are presented herein.
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Fig. 1. Chemical structure of PBO [4,20].
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Fig. 3. Proposed mechanism of hydrolysis for PBO with chain scission [4e17,22,23].
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2. Experimental

2.1. Environmental conditioning

In daily use, soft body armor (SBA) is exposed to environmental
conditions near body temperature and humidities near complete
saturation (due to perspiration of the wearer). In an effort to
accelerate degradation at the defined wear temperature of 35 �C,
a temperature of 70 �C was selected for the environmental condi-
tions used in this study. A relative humidity of 90% was used to
provide complete saturation of the ballistic fibers within the armor.
Further details of the selection of these conditions are the subject of
another publication [24]. In addition to environmental degradation,
mechanical wear must also be considered as a degradation factor
for SBA. A conservative analysis estimates that a body armor user
might bend at the waist (e.g., when entering or exiting a vehicle) 4
times per hour, 40 h per week, 50 weeks per year, which could
result in 8000 folding cycles per year, or 40,000 folding cycles over
5 years. Realistically, almost any movement a wearer makes results
in some type of bend or fold in the armor, which could add up to
many thousands of cycles per year [25]. Significant work has been
devoted to this area by Holmes and co-workers [26]. Tumbling at
a speed of 0.52 rad/s (5 rpm) was selected to provide artificial
mechanical wear because it can simulate the folding damage of
interest and can be performed in an environmental chamber.
2.2. Sample descriptions

Environmental conditioning was performed using the apparatus
specified in Section 5 of NIJ Standarde0101.06 [27] for combined
tumbling and environmental exposure. Sixteen SBA panels (each
SBA consists of 2 armor panels, equivalent to one front and one
back)were environmentally conditioned, of which 10were used for
this study. Five of the SBA panels were constructed of 20 layers of
plain woven 500 denier PBO, with 26 yarns per inch in the hori-
zontal direction and 26 yarns per inch in the vertical direction. The
layers of fabric were stitched together in two packs of 10 layers each
with a 2.54 cm (1 in) diagonal quilt stitch to form the ballistic
package. This ballistic package was then encased in a sewn vapor-
permeable fabric cover and inserted into a lightweight poly-cotton
carrier to form an armor panel. Another 5 SBA panels were con-
structed of 25 layers of plainwoven 500 denier PPTA, with 24 yarns
in the horizontal direction and 24 yarns in the vertical direction.
The layers of fabric were quilted together in one package with
a 3.18 cm (1.25 in) diagonal stitch to form the ballistic package. This
ballistic package was then encased in a standard water-repellent
treated nylon fabric cover and inserted into a medium-weight poly-
cotton carrier to form each armor panel.
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Fig. 2. Chemical structure of PPTA [18,20,21].
2.3. Analytical methods

2.3.1. Extracted yarn tensile testing
To obtain yarn mechanical properties, tensile testing of yarns

extracted from each SBA panel were performed in accordance with
ASTM D2256-02: “Standard Test Method for Tensile Properties of
Yarn by the Single-Strand Method,” using an Instron1 Model 4482
test frame equipped with a 91 kg (200 lb) load cell, and pneumatic
yarn and cord grips. The jaw separation was 7.9 cm (3.1 in) and the
cross-head speed was 2.3 cm/min (0.9 in/min). In this study, each
yarnwas nominally 38.1 cm (15 in) long, andwas twisted to 60 turns
on a custom designed yarn twisting device. The twist was main-
tained on each yarn during insertion into pneumatic yarn and cord
grips. Strain measurements were made with an Instron non-con-
tacting Type 3 video extensometer in conjunction with black foam
markers placed approximately 2.5 cm apart in the gage section of
the yarn. Ten to twelve replicates from each SBA panel were tested
to failure. The standard uncertainty of these measurements is
typically�3%, however the error bars generated for plots presented
herein represent the relative standard deviation of the yarn
breaking strength, which is in some cases higher than 3%.

2.3.2. Fourier transform infrared analysis
Infrared analysis was carried out using a Bruker Vertex 80 Fourier

Transform Infrared (FTIR) Spectrometer equipped with a mercury-
cadmium-telluride (MCT) detector and a Smiths Detection Dura-
scope attenuated total reflectance (ATR) accessory. Air, dried by
passage through a standard FTIR purge gas generator, was used as
the purge gas. Consistent pressure on the yarns was applied using
the force monitor on the Durascope. FTIR spectra were recorded at
a resolution of 4 cm�1 between 3500 cm�1 and 700 cm�1 and
averaged over 128 scans. Three different locations on each yarnwere
analyzed. Spectral analysis, including spectral subtraction, was
carried out using a custom software program developed in the
1 Certain commercial equipment, instruments, or materials are identified in this
paper in order to specify the experimental procedure adequately. Such identifica-
tion is not intended to imply recommendation or endorsement by the National
Institute of Standards and Technology, nor is it intended to imply that the materials
or equipment identified are necessarily the best available for this purpose.
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Fig. 4. Proposed mechanism of hydrolysis for PPTA [18,22,23].
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Building and Fire Research Laboratory’s Polymeric Materials Group
atNIST. All spectrawere baseline corrected andnormalized using the
aromatic CeH deformation peak at 848 cm�1 for PBO and 820 cm�1

for PPTA. Standard uncertainties associated with this measurement
are typically �4 cm�1 in wavenumber and �1% in peak intensity.

2.3.3. Dilute solution viscometry
PBO is only soluble in strong anhydrous acids such as sulfuric acid

(SA), chlorosulfonic acid (CSA), andmethanesulfonic acid (MSA) [28].
Previous viscometrywork hasbeenpublishedusingMSAas a solvent
for PBO, so this solvent was selected for the purposes of this study
for comparison to literature [28,33e37]. All acid solvents were
purchased in their anhydrous form and were used as received. All
glassware and fibers were dried using a flow of dry nitrogen, placed
in an oven at 35 �C for several hours, and stored in a dessicator filled
with dry silica gel prior to use to minimize contamination of the
samples with water. For the PBO, a stock solution was prepared at
a concentration of 1 mg/mL, from which dilutions were made to
obtain samples at concentrations of 0.01 g/dL, 0.03 g/dL, 0.05 g/dL,
0.07 g/dL, and 0.1 g/dL. For PPTA, a stock solution was prepared at
a concentration of 2 mg/mL, from which dilutions were made
to obtain samples at concentrations of 0.02 g/dL, 0.10 g/dL, and
0.20 g/dL. All sample solutionswere purgedwith dry nitrogenduring
dissolution. PBO solutions were prepared at 150 �C on a stirring hot
plate and the PPTA solutions were prepared at room temperature on
a stirring hotplate. All solutions were prepared and consumed in the
same day to reduce the potential for contamination with water.
Prepared solutions were purged with dry nitrogen and stored in
a dessicator when not in use. Kinematic viscosities were measured
using Cannon capillary viscometers in a thermostatic bath (Koehler
K23376) at 25 �C � 0.05 �C. The viscometer elution times were in
the range of 241e471 s. The standard deviation is less than the
viscometer elution times (0.3%).
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2.4. Laser scanning confocal microscopy

A Zeiss Model LSM510 reflection laser scanning confocal
microscope (LSCM) was employed to characterize the surface
morphology. The incident laser wavelengthwas 543 nm. Bymoving
the focal plane in the z-direction, a series of single images (optical
slices) can be stacked and digitally summed over the z-direction
to obtain a 3-D image. All images were collected using the 150�
objective and a z-direction step size of 0.1 mm.
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Fig. 5. Difference ATR-FTIR spectra of PBO during environmental conditioning, refer-
enced to undegraded samples.
3. Results and discussion

3.1. Hydrolysis of PBO and PPTA

Previous studies [4,5] have shown that oxazole ring opening is
amajor indicator of hydrolysis in PBO. Through the use of difference
spectra, where the infrared spectrum taken from the uncondi-
tioned sample (in this case, from a new vest) is subtracted from the
spectra of yarns removed from the vest at different stages of
environmental conditioning, the evolution of changes in the
chemical structure can be studied [4,5,29e31]. Negative peaks in
difference spectra are attributed to the loss of existing chemical
structure, and positive peaks are indicative of the formation of new
chemical structure [29e31]. Benzoxazole ring opening is identified
by the loss of peaks attributed to the vibrations associated with the
benzoxazole ring at 1496 cm�1, 1362 cm�1, 1056 cm�1, and
914 cm�1, and by the formation of a peak at 1650 cm�1 attributed to
a carbonyl from amide or carboxylic acid, which are potential
products of oxazole ring opening [5]. Infrared difference spectra of
PBO taken over the course of the exposure study are shown in Fig. 5.
The PBO difference spectra showmarked reductions in the peaks at
1498 cm�1, 1369 cm�1, 1060 cm�1, and 919 cm�1, all of which are
attributed to oxazole ring opening [5]. (Differences in the wave-
numbers between the previous study and the current study are
attributed to the use of two different spectrometers.) As previously
mentioned, standard uncertainties associated with this measure-
ment are typically 4 cm�1 in wavenumber and 1% in peak intensity,
so the slight shift inwavenumbers for the difference spectra may be
due to variations in the individual spectra used to create the
difference spectrum [29e32]. The increase in the carbonyl peak at
1650 cm�1 indicates the formation of a carbonyl-containing species
such as an amide or carboxylic acid, as expected by the mechanism
shown in Fig. 3. This increase is similar to that seen in previous
studies [5,24].

The PPTA difference spectra in Fig. 6 shows negative peaks with
positions corresponding to the original amide I peak at 1643 cm�1

and amide II peak at 1502 cm�1. A new broad peak is observed at
3300 cm�1, which is attributed to a combination of amine NeH
stretching and carboxylic acid OH stretching. New peaks are also
observed at 1562 cm�1 and 1420 cm�1 that are attributed to
carboxylate ion stretching. This evidence points to the hydrolysis of
the main chain amide group to amine and carboxylic acid as
previously shown in Fig. 4.
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Fig. 6. Difference ATR-FTIR spectra of PPTA during environmental conditioning,
referenced to undegraded samples.

Table 1
Estimation of intrinsic viscosity with hred and hinh for PBO and PPTA.

Environmental
conditioning (d)

PBO [h] est.
by hred

PBO [h] est.
by hinh

PPTA [h] est.
by hred

PPTA [h] est.
by hinh

0 18.577 19.998 8.62 9.01
4 15.504 15.535 7.47 7.60
7 11.408 11.786 5.95 6.01
10 7.597 7.637 4.96 4.96
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3.2. Intrinsic viscosity analysis

Previous work has provided a detailed analysis of the applica-
tion of the MarkeHouwink equation to polymers such as PBO and
PPTA [21,28,33e38]. Several papers have focused on the effect of
ionic strength (varied by the addition of water and salts such as
CH3SO3Na, LiF3CSO3, or Li2SO4) on the solution properties of these
polymers [33,35,37]. Roitman has shown for low polymer solution
concentrations (less than 0.01 g/dL), small amounts of ionizable
solutes (such as water) in concentrations of less than 0.1 M can
cause anomalous viscosity behavior [33]. In an effort to avoid this
problem in this study, the minimum polymer concentration used
was 0.01 g/dL.

A discussion of the necessary calculations to perform intrinsic
viscosity analysis of polymer solutions to estimate molar mass can
be found in many basic polymer science textbooks [39e41]. For
completeness of this work, a brief discussion of the equations used
in this analysis is given here.

The efflux time of each polymer solution in the viscometer, t,
was compared to the efflux time of the pure solvent, t0, to obtain
the relative viscosity, hrel, as shown by Equation (1), and the specific
viscosity, hsp, as shown by Equation (2) [39,40].

hrel ¼
t
t0

(1)

hsp ¼ t � t0
t0

(2)

The reduced viscosity, hred, is determined by dividing the
specific viscosity, hsp, by the concentration of the polymer solution,
c, as shown by Equation (3) [39,40].

hred ¼ hsp
c

(3)

The inherent viscosity, hinh, is determined by dividing the
natural log of the relative viscosity, hrel, by the concentration of the
polymer solution, c, as shown by Equation (4) [39,40].
hinh ¼ lnhrel
c

(4)

The reduced viscosity, hred, was plotted as a function of concen-
tration and the y-intercept of this plot is taken as the intrinsic
viscosity, [h], which can be used to estimate molar mass. This
process was repeatedwith the inherent viscosity, hinh, to obtain two
different estimates for intrinsic viscosity, [h]. The values of the
y-intercepts were taken as the intrinsic viscosities as shown by
Equations (5) and (6) [39,40].

½hred� ¼ k0½h�2cþ ½h� (5)

½hinh� ¼ k00½h�2cþ ½h�2cþ ½h� (6)

Estimates of the intrinsic viscosity via these two methods
agreed to within 0.4 g/dL, except for the undegraded PBO sample,
which only had agreement towithin 1.5 g/dL. Values of the intrinsic
viscosity estimated by each equation are presented in Table 1 for
PBO and PPTA.

Fig. 7 shows representative viscosity data obtained for PBOwhich
had been environmentally conditioned for 4 d and Fig. 8 shows
representative data for PPTA which had been environmentally
conditioned for 10 d.

For PBO, the highly conjugated structure of the polymer chain
from the extended delocalization of p electrons over the benzobi-
soxazole and phenyl rings results in a very rigidmolecular structure
[28]. The only possible conformational flexibility is attributed to
rotation of bonds between the phenyl ring and oxazole ring [28].
The high orientation of PPTA and PBO fibers is typically ascribed to
the formation of a nematic phase at sufficient concentration, which
allows the rod-like molecules to orient themselves with respect to
the fiber axis during fiber formation [33,42e44]. The average of the
two calculated intrinsic viscosities was used to estimate the weight
average molar mass using the MarkeHouwink equation for PBO,
Equation (7) [28,37], and PPTA, Equation (8) [37,38].

½h� ¼ 2:27� 10�7M
1:8
w (7)

The MarkeHouwink exponent of 1.8 is an indication of the high
molecular rigidity of PBO. For comparison, this exponent is 1.0 for
semi-rigid polymers, and for an ideal random coil polymer under q
conditions it is 0.5. The value of 1.09 for Kevlar reflects its slightly
more flexible molecular structure [28].

½h� ¼ 8:0� 10�5M
1:09
w (8)

Equations (7) and (8) were used to calculate an estimated
weight averagemolar mass for samples extracted from both armors
during the environmental conditioning experiment. The baseline
(undegraded) PBO sample has a molar mass of approximately
26,000 g/mol, which is comparable to the 28,650 g/mol previously
reported by Gupta [36]. The goal of this study was to examine the
relative changes in molar mass during environmental conditioning
instead of attempting to make an absolute measurement of molar
mass, so it was determined that this estimate was acceptable for
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Fig. 7. Representative viscosity data for PBO which had been environmentally condi-
tioned for 4 d.

Table 2
Estimation of the reduction of weight average molar mass for PBO and PPTA with
environmental conditioning.

Environmental
conditioning (d)

PBO
(g/mol)

PPTA
(g/mol)

0 26.157 42.241
4 22.746 36.579
7 19.161 29.595
10 15.169 24.926
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this qualitative technique. Over the course of the environmental
conditioning, the PBO sample degraded to an approximate molar
mass of 15,000 g/mol. The baseline (undegraded) PPTA sample
molar mass was calculated to be approximately 42,000 g/mol. This
value was verified by a PPTA manufacturer [45] to be reasonable,
but is considerably higher than that reported in the literature [21].
After 10 d of environmental conditioning, the molar mass of the
PPTA sample was reduced to approximately 25,000 g/mol. Full
details of these results are presented in Table 2.
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Fig. 8. Representative viscosity data for PPTA which had been environmentally
conditioned for 10 d.
3.3. Comparison of molar mass reduction with tensile strength
reduction

After 10 d of environmental conditioning, the PBO sample had
a tensile strength retention of approximately 68%. The PPTA sample
tumbled in the environmental conditioning environment had
a tensile strength retention of approximately 85%. This strength loss
in the PPTA armor was greater than that observed in previous
studies [24]. Error bars represent the relative standard deviations.

In an effort to more readily compare the estimated reduction in
molar mass with the extracted yarn tensile testing results for PBO
and PPTA the molar masses were also converted to a percentage of
the original value. This conversion of the data allowed for the
determination of the percent residual tensile strength and the
percent residual molar mass, which are plotted as a function of
environmental conditioning time in Figs. 9 and 10. This approach
revealed a correspondence between the reduction inmolarmass and
the reduction in tensile strength with increased environmental
conditioning time. To further examine this phenomenon, for PBO,
residual tensile strength was plotted against residual molar mass,
and a least squared linearfit yielded an R2 value of 0.97 and a slope of
a¼0.75, suggesting a correspondence between residual tensile
strength and residual molar mass. The reduction in molar mass,
which would be indicative of chain scission, may support the
hypothesis that PBO fully undergoes chain scission during exposure
to elevated conditions of temperature, moisture, and mechanical
damage, as opposed to simply undergoing the benzoxazole ring
opening step of the hydrolysis reaction as shown in structure (2) of
Fig. 9. Comparison of residual tensile strength with residual molar mass for PBO. The
error bars represent the relative standard deviation of the mean yarn breaking strength
or mean molar mass. Residual molar mass points are offset horizontally for clarity of
presentation.



Fig. 10. Comparison of residual tensile strength with residual molar mass for PPTA. The
error bars represent the relative standard deviation of the mean yarn breaking strength
or mean molar mass. Residual molar mass points are offset horizontally for clarity of
presentation.

Fig. 12. Confocal 2D projection of PBO fiber environmentally conditioned for 10 d. Note
the kink-bands in the lower fiber and the pitting in the upper fiber.
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Fig. 3, which would give a fiber with a structure similar to PPTA.
While the overall downward trend is supported with this same
analysis for PPTA, when a linear polynomial fit was applied to the
data, the R2 value was 0.94 and the slope was a¼0.35, again indi-
cating a correspondence between the reduction in molar mass and
the reduction in tensile strength. However, the sensitivity of this
relationship is different for PPTA. Future work will separate the
mechanical andenvironmental degradation conditions in aneffort to
better understand their individual roles in the environmental
conditioning of PBO and PPTA fibers and to fully answer the question
of how hydrolysis progresses in PBO.
Fig. 11. Confocal 2D projection of undegraded PBO fiber.
3.4. Microscopic examination of fiber surface

It is possible that the observed reduction in molar mass and
tensile strength can be attributed to the polymer being abraded due
to mechanical action as the body armor fabric undergoes tumbling.
To minimize this possibility, the yarns used in testing were
removed from the inner layers of the body armors. This practice,
combined with the fact that the armor was tumbled inside of two
protective layers (the carrier and the armor panel cover), and
Fig. 13. Confocal 2D projection of undegraded PPTA fiber. Note the shiny, reflective
surface of the smooth undegraded fiber. Darker spots on the image are likely due to
lubricants from processing.



Fig. 14. Confocal 2D projection of PPTA fiber environmentally conditioned for 10 d.
Note the dull surface of the degraded fiber. Darker spots are indicative of pitting in the
surface.
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stitched together to minimize layer-to-layer friction, should reduce
the effect of abrasion on the results. In order to further examine the
effect of abrasion, confocal microscopy was used to examine fibers
before and after environmental conditioning (Figs. 11 and 12).
There is some evidence of additional formation of pits and kink-
bands on the surface of the degraded samples. Similar confocal
images were obtained in a previous study and these changes were
attributed to hydrolysis and chemical exposure [32]. Confocal
images of PPTA before and after degradation (Figs. 13 and 14) show
an increase in surface smoothness (possibly due to abrasion) after
environmental conditioning, similar to that seen in other studies
where fibers were intentionally abraded [25]. Images observed in
previous microscopy studies on PPTA fibers after exposure to arti-
ficial sweat and cleaning chemicals are also similar [32]. A detailed
discussion of the use of confocal microscopy to examine the surface
of fibers exposed to hydrolytic and mechanically abrasive condi-
tions will be the subject of a future paper.

4. Conclusions

Fibers such as PBO and PPTA have been used in soft body armor
applications due to their high strength properties. However, these
fibers can be sensitive to environmental degradation via elevated
temperature, humidity, and mechanical damage. These conditions
were simulated through environmental conditioning. A compar-
ison of the residual tensile strength with residual molar mass for
environmentally conditioned PBO indicated that the degradation of
PBO fibers may be due to hydrolytic chain scission of this polymer.
A reduction in both tensile strength and molar mass was also
observed for environmentally conditioned PPTA fibers, but the
sensitivity of this relationship is different for this material as
compared to PBO.

5. Future work

In order to better understand the behavior of the PPTA fibers,
dilute solution viscometry experiments are planned to examine
fibers which were exposed to an environment of elevated
temperature and humidity, without mechanical damage, and fibers
which were exposed to mechanical damage in an ambient envi-
ronment. Additional experiments are planned to evaluate light
scattering as a comparison method for measurement of molar
mass. Finally, a forthcoming publication will examine the use of
confocal microscopy to examine fiber surfaces after exposure to
hydrolytic and mechanically damaging conditions.
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