Nanostructural Evidence of Mechanical Aging and Performance Loss in Ballistic Fibers
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ABSTRACT
It is understood that the ballistic resistance of aromatic polyamide fibers is related to the fiber’s ultimate tensile strength, strain-to-failure, and Young’s modulus. Ideal high-performance ballistic materials maximize these properties while minimizing material density. Equally important is long-term mechanical and chemical stability: the fibers should not exhibit performance loss over their lifetime. However, less is known quantitatively about their modes of degradation, and experimental methods to quantify the aging and degradation in these fibers are critical.  Multiple variations of next generation high-performance fibers have been investigated under chemical and mechanical accelerated aging conditions.  Performance losses have been empirically correlated to chemical degradation of the polymer chain and nanostructural changes in the fiber morphology through X-ray photoelectron spectroscopy (XPS).  Here we introduce positron annihilation lifetime spectroscopy (PALS) measurements as a sensitive method to quantify the early onset of damage in the flexed fibers as quantified through changes in the nanoscale void structure in the material.
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High performance polymer fibers have been used in ballistic applications since the 1970s. The archetype of this class of materials is poly(p-phenylene terephthalamide) or (PPTA, Kevlar[footnoteRef:1]) which was one of the first materials developed for soft body armor.1 Ideal material properties for high-performance ballistic fibers include the combination of high ultimate tensile strength, strain-to-failure, and Young’s modulus combined with a low material density. There have already been considerable efforts in developing new materials for ballistic applications which can maintain excellent mechanical properties and reduce the total weight of the active soft body armor component. Attempts were made to introduce poly(benzoxazole) (PBO, commercially known as Zylon) as an alternative to PPTA.  While PBO fibers appeared to provide superior performance in the short term, they suffered significantly from mechanical performance loss due to medium-term aging. [1:  Certain commercial equipment, instruments, materials, or software are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the software, materials or equipment identified are necessarily the best available for the purpose.] 
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FIGURE 1 Chemical structure of (A) poly (p-phenylene terephthalamide) (PPTA), (B) poly(benzoxazole) (PBO), and (C) poly(p-phenylene-benzimidazole-terephthalamide-co-p-phenylene terephthalamide) (PBIA-co-PPTA). Schematic of the fabric folding method for aging ballistic fiber cloths (D) and schematic of the PALS sample geometry (E). 

Thus the performance lifetime of the material was severely shortened and rendered the material an unacceptable replacement for PPTA.2-5 
The failure of PBO fibers has stimulated interest in methods to quantify the lifetime aging and degradation characteristics of ballistic fibers and emerging high performance fiber materials. The ability to characterize and measure the lifetime performance and degradation of polymer fibers used in soft body armor is critical for the advancement of material innovations in this area. In order to predict the useful lifetime of the polymer fibers, researchers have investigated performance loss as a result of rapid aging by subjecting candidate materials to degradation from mechanical,4,6-8 thermal,3,9-11chemical,3,5,12,13 and ultraviolet (UV)2 methods.
The microstructure of aged polymer fibers has previously been investigated using small angle x-ray scattering (SAXS).2,4,8,9,14 Quantitative analysis of the SAXS patterns, noting that the fibers contained polydisperse ellipsoidal voids oriented in the long-axis direction of the fiber, determined that the voids are distributed around radial dimensions on the order of 1 nm on the short axis and 6 nm on the long axis.14 The void size distribution has been shown to expand  with thermal aging14 and mechanical folding.8 The role of voids and defects in the performance of ballistic fibers is of particular interest as the observed loss of mechanical performance for novel ballistic fibers may not always correlate solely with changes in crystallinity15 or material chemistry. Prior studies of PBO degradation were able to demonstrate evidence of internal fiber damage which was attributed primarily to an increase in internal void volume at the interface of crystalline regions, leaving the crystalline domains themselves largely unaffected.4 The presence of lateral nano-voids in a ballistic fiber is potentially detrimental to the mechanical integrity of the material.  This type of material discontinuity will likely result in partial transverse cracking of the fibers at a stress level below the expected ultimate tensile strength.1,16
The characterization of nanovoids within polymer fibers does not need to be confined to scattering techniques. Positron/Positronium annihilation lifetime spectroscopy (PALS) has been used to probe the nanoscale porosity or packing defects of materials, ranging across single crystal silicon,17,18 microporous coordination polymers,19 polymer membranes, and many other soft materials.20-25 The formation of positronium (or Ps), a metastable bound state of a positron and an electron, has almost been ubiquitously observed in numerous polymers and it is well accepted that the Ps annihilation lifetime can be directly related to pore volume through the Tao-Eldrup model and its extensions.21,22 In vacuum the triplet state of Ps, ortho-positronium (o-Ps) particle, has a lifetime of 142 ns before decaying into gamma radiation, while in confined pores, the o-Ps lifetime is shortened according to the size of the pores, as interaction with other electrons induces extra annihilation channels.23 The PALS technique is ideally suited to measuring molecular scale packing defects model as spherical pores in the range of sub-nm to tens of nm in diameter. The o-Ps lifetime 3 is roughly proportional to the size of the packing defect, falling somewhere between 1.5 ns (dense polymer) and 142 ns (vacuum – infinite cavity) in most materials.  In principle the number or relative intensity I3 of the o-Ps annihilation events is sensitive to the number density of these packing defects in the material, meaning that the product of 3 and I3 reflects the level of nanoscale porosity, but we caution that chemistry, particularly the materials electron affinity, also impacts I3 and therefore the porosities measured from PALS are normally not treated as absolute.
Currently there is not a single preferred test to assess the fidelity of fibers subjected to accelerated aging. This can be largely attributed to the fact that the degradation mechanisms and resulting material evidence are highly dependent on fiber composition and processing. Reliance on ballistic performance and isolated mechanical tests of single fibers or yarns is useful for determining the viability of a class of fibers, but is limited in being able to reveal the structure-property relationships critical for innovation and development of advanced materials. Here we investigate the evolution of nanostructural voids within three types of ballistic fiber using PALS. The ballistic fibers were fatigued using a custom fiber-folding apparatus,8 and the internal fiber damage measured with PALS was correlated to  mechanical performance and chemical composition.
XPS measurements were performed on PPTA, PBO, and PBIA-co-PPTA fiber yarns which had been subjected to customized folding tests (see table in Supplemental Information). 

Measurement areas were focused on regions of highest strain due to folding (at the apex of the bend) and were compared to unfolded fibers. The PBIA-co-PPTA fibers had a fluorinated coating which remained intact for all specimens from the XPS study. The lack of chemical surface damage from folding was expected, as the folding apparatus was designed to minimize

FIGURE 2. Tensile strength of PPTA, PBO, and PBIA-co-PPTA single fibers as a function of folding cycles.4,8,26 

friction and surface wearing of the fibers. The PBIA-CO-PPTA fibers contained a small amount of nitrogen which was detected by XPS, most likely originating from the underlying polymer fiber and not the thin fluorinated coating. This indicates that the coating is not as thick as the sampling depth of the XPS, which is 8 nm. Alternatively, the coating could have pin-hole defects which reveal the underlying fiber material. The PBO fibers contained measurable amounts of phosphorous which is likely an artifact of the production method.13,16[13,16] There was no evidence of any chemical changes at the fiber surface as a result of the cyclic folding for any of the three fiber types, indicating that the most significant damage to the fibers is likely to be internal.

Mechanical testing data is shown in Figure 2 for single fiber tensile tests for each of the fiber types after (0, 5.5K, and 80K) cycles. Yarns 
were removed from the woven fabrics and then individual fibers were removed from the yarns and tested using a custom high-strain rate tensile apparatus; full experimental methods are published elsewhere.8  Notably the PBO fibers exhibit a significant loss of mechanical strength as a result of fiber folding.  Neither the PPTA nor PBIA-co-PPTA exhibits such changes in mechanical behavior.  Slight losses in mechanical strength are observed as a result of fiber-folding, however, there is minimal additional damage imparted by increasing folding cycles from 5.5K to 80K for these materials.
The PALS spectra are presented in Figure 3 for PPTA, PBO, and PBIA-co-PPTA fibers both in their pristine or unfolded state and after 80K folding cycles. The y-axis of each spectrum represents the normalized and background noise subtracted number of annihilation events while the x-axis corresponds to the positron and positronium lifetimes in nanoseconds (ns). The comparison in these spectra between the pristine and the fatigued fibers at longer times suggests that the PALS technique is sensitive to the damage induced by the mechanical cycling. These spectra are fit to quantify the o-Ps lifetime and intensity values, with Figure 4 summarizing the variations in 3 and I3 for all three of the fiber materials and cycling levels.
All three unadulterated fiber samples (cycle # of 1 in Figure 4) show significant differences in both 3 and I3 for the three different types of materials. PBO has significantly larger 3 values and thus the biggest nanoscale packing defects while PBIA-co-PPTA and PPTA have similar pore sizes in their unadulterated state. However, the I3 values for PBO and PPTA are similar while the I3 value for the PBIA-co-PPTA fiber is much   smaller.  At this point it is worth emphasizing that straight comparisons between I3 in the different materials are not advisable because of potential variations in the propensity to form positronium; this can directly affect the relative I3 values.  However, the differences in 3 between the different materials are robust suggesting that the packing defects or frustration in PBO are significantly greater than PPTA or PBIA-co-PPTA.
The more interesting observations come when we compare the pristine and fatigued samples.  In this case we argue that is reasonable to quantitatively compare variations in both 3 and I3 as a function of cycling in the same material; we assume that mechanical cycling does not induce chemical changes that would impact the propensity to form positronium in the material.  Figure 4 reveals that mechanical cycling induces damage to the material that the PALS technique is sensitive to.  In general both the 3 and I3 increase as the material is cycled.  This suggests that damage is manifest in the fibers as both an increase in number and the size of the pores.  We note that there are a few interesting caveats to this generalization.  First, we note that the average size of the pores in PBO seems to be invariant with cycling, although the number density of pores increases.  Second, we note that size of the cavities seems to peak at 5.5K cycles in both the PBO and the PBIA-co-PPTA; there is a statistically significant drop in 3 after 80K cycles.  At this time we do not have a conclusive explanation for these two caveats but will return to these discussion points later.   However, when we convert the 3 values to a spherical pore diameter and plot the product of the average pore volume with the I3 we see that relative PALS hole volume fraction, also shown in Figure 4, robustly increases with cycling. The correlation is strong in PBO and PBIA-co-PPTA and less pronounced in PPTA, but for all three materials positive correlations were observed.  This demonstrates that PALS technique is a sensitive reporter of the structural damage induced by the mechanical folding or fatigue process.  


FIGURE 3 PALS spectra for PPTA (left), PBO (center), and PBIA-co-PPTA (right) fibers. The 5.5K cycle data is not shown for clarity.

Now that we have a structural parameter to quantify the damage within the fibers using the PALS technique, the next step is to explore how important this damage is to the mechanical properties of the fibers.  In Figure 5 we correlate the ultimate tensile strength and the strain to failure of the cycled fibers to the3 values measured by PALS.  These correlation plots include data for all three materials (PBO, PPTA, and PBIA-co-PTTA) at all three cycling levels (0, 5.5K, and 80K) cycles.  What’s surprising is that the ultimate tensile strength shows very little no dependence on 3 while the strain to failure shows a strong negative dependence.  The ultimate tensile strength does not change significantly with the size of the packing defects or nanopores while there is a strong correlation between larger nanopores and reduced strain to failure.  As discussed earlier, the 3 values are robust and it is reasonable to construct such a correlation plot that includes multiple materials; here we do not make similar comparisons across the materials sets using the PALS hole volume fraction which folds in the relative I3 data (although if we did a similar conclusion would be obtained; see SI for this comparison).
To understand the data presented here, we think that it is instructive to realize that all three of these materials are rigid rod polymers where the chain axis is highly aligned in the axial direction as a result of the fiber processing.  This means that a significant fraction of the load in a tensile test will be carried by the covalent bonds along the main chain.  There are subtle differences in the types of main chain bonds for the three different materials, but to a first approximation they will all have similar bond strengths.  In this respect, it is reasonable that the ultimate tensile strength is insensitive to 3.  In these axially oriented fibers, we assert that 3 is going to primarily be sensitive to the intermolecular packing between the chains, in the direction orthogonal to the fiber axis.  Breaking the fiber requires breaking all the bonds in the fiber and this load really doesn’t depend on how close the chairs are packed together in the fiber.
This picture also appears to be consistent with the strong negative correlation between strain to failure and the 3.  For smaller 3s, the intermolecular packing between chains is be better, implying enhanced intermolecular forces or non-covalent bonding between the chains.  These non-covalent interactions are significantly softer and more deformable than the main chain covalent bonds and important for engineering a more ductile response.  With tightly packed chains, interchain slippage seems to be an effective toughening mechanism.  This does not significantly impact the ultimate tensile strength because that necessitates chain scission.  The result is that the better packed chains are more efficient at dispersing energy and sustaining greater elongation.
This picture is supported by trends in the measurements of single fiber strength of the PPTA material before and after folding. In those tests, the unadulterated PPTA fiber had a tensile strength of 3.1 GPA which remained unchanged with folding (see Figure 2). The stability of PPTA is generally attributed to the strong intermolecular bonding resulting from the regular arrangement of oxygen and nitrogen groups along the molecular backbone (interchain hydrogen bonding).16,27 This is entirely consistent with the observation in Figure 4 that PPTA had the smallest 3 values of 
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Figure 4. , , and PALS hole volume plots versus cycle # for PBIA-co-PPTA, PBO, and PPTA. Error bars represent  standard deviation about mean.
any of the materials.  This is consistent with intermolecular chain packing.  It is also notable that the 3 was damage tolerant in the PPTA; cycling did not increase pore size.  This is consistent with Figure 5 PPTA had the largest strain to failures of the three materials and very little change in the strain to failure with cycling/3.  The strong hydrogen bonding between the chains seems to result in a damage tolerant fiber.
At the other extreme this picture also seems consistent with the single fiber measurements in the PBO fibers which are readily damaged by mechanical cycling.  This shows up in both the mechanical properties and the increases in nanoporosity for PBO fibers. Unlike PPTA, it is well known that PBO exhibits relatively weak intermolecular bonding between the polymer chains.16  This shows up in Figure 4 where the[image: ]
Figure 5. Plots of tensile strength and strain to failure of PPTA, PBO, and PBIA-co-PPTA versus .  Error bars represent  standard deviation about mean.
PBO displays the largest 3 values of any of the three materials.  The intermolecular packing between the chains is poor in PBO.  Likewise, PBO shows the lowest strain to failure consistent with this picture.
Previous works by parts of this team have focused on using small angle X-ray scattering (SAXS) to quantify the porosity in cycled fibers.  In principle, both PALS and SAXS are sensitive to nanoscale porosity in a material.  These previous studies have argued that fiber failure results from an increase in the critical flaw size within the fiber, which reduces the fiber tensile strength as these internal voids may be the nucleation point for fracture.8  This notion of the growth of nanovoids as seen in PALS and SAXS as precursors to material failure is still consistent with the results presented.  PPTA is damage tolerant because the PALS voids are small and do not grow with cycling.  PBO is prone to failure because the PALS voids are big and readily grow.  There are also several studies on thermoplastic materials that correlate yield and materials failure with the PALS hole volume.  It has been shown in polycarbonate28,29 and polystyrene22  that 3 increases with mechanical strain, and can even exhibit the classic maximum or softening phenomenon beyond the yield point.29   There have also been studies on the cyclic loading (fixed cycle # but increased load levels) of polycarbonate which correlates an increase of 3 to the onset of crazing / mechanical failure.30   It is interesting to note that in these cyclic loading studies the authors observed a maximum in 3 right before the onset of craze yielding that is reminiscent of the maximum in 3 as a function of cycling for the PBO and the PBIA-co-PPTA fibers.  In the future we will explore the significance of this similarity in greater detail.
While PALS and SAXS are both sensitive to the nanoscale pores in a material, it is worth emphasizing that PALS is more sensitive to really small pores where the diameters is below 5 nm.  Previous work on low-K dielectric films demonstrates that the small angle scattering techniques loose sensitivity when the pore diameters approach the molecular scale.31,32  This is seen here with the comparison between the PPTA, which remained stable in void volume and in mechanical strength throughout the folding tests, and the PBO which exhibits a clear increase in void volume and a loss of mechanical strength as folding cycles increased (see Figure 2). The PALS data presented here reveals new information about the nanostructural damage internal to the fibers which was undetermined from prior SAXS measurements.4 The SAXS measurements indicated a reduction in the average void size for the folded PBO fibers,4 which was surmised to result from the bifurcation of existing voids into smaller voids due to folding. The prior SAXS data was inconclusive on the change in total void volume in the fibers as a result of folding. The PALS measurements presented shed new light on the PBO degradation, while reinforcing the SAXS based conclusions that the number of voids is increasing by growing the population of small voids within the fibers. In comparison the SAXS data and PALS data were in full agreement for PPTA (which exhibited minimal internal damage). 
As a summary, homogenous, single component high performance fibers of PPTA, PBIA-co-PTTA, and PBO were subjected to repeat folding up to 80K cycles to simulate damage caused by wear. The mechanical behavior of the cycled fibers varied based on fiber type indicating that lifetime fidelity of high-performance fibers is affected by chemical and nanostructural composition of the fibers.  Chemical degradation at the fiber surface was characterized with XPS.  The fact that the fibers did not have any measurable chemical changes as a result of folding, strongly suggests that the fibers exhibit primarily mechanical damage and are not affected by abrasion between fibers during wear. Fiber nanostructure was characterized with PALS to measure the onset of changes in nanoscale packing defects and void formation. The PALS techniques appears to be very sensitive to the mechanical damage induced by the mechanical folding.  While the ultimate tensile strength of the fibers was insensitive to molecular scale packing defects  detected by PALS, the strain to failure decreased significantly as the PALS nanopore content increased. This trend was rationalized with respect to the propensity of the fibers to form strong intermolecular bond that increase packing efficiency and increase strain to failure.  The PALS based measurements are able to complement SAXS data to reveal detailed information on the size and distribution of void populations resulting from internal material degradation.
EXPERIMENTAL Certain commercial materials and equipment are identified in this paper to specify experimental procedures. In no case does such identification imply recommendation by the National Institute of Standards and Technology nor does it imply that the materials and equipment identified are necessarily the best available for this purpose. 
Materials. Woven cloth specimens of poly (p-phenylene terephthalamide) (PPTA, or Kevlar) and poly(benzoxazole) (PBO, or Zylon) were extracted from new vests. Woven cloth specimens of block-copolymer fiber which is known as poly(p-phenylene-benzimidazole-terephthalamide-co-p-phenylene terephthalamide) or (PBIA-co-PPTA or Artec) were acquired from commercial sources. The chemical structure of these materials is shown in Figure 1.
Fiber Folding. The fibers were rapidly aged using a custom folding apparatus described in a previous report.8 To briefly summarize, woven fiber cloths were mounted in a two-piece clamshell device which was attached to a servo-hydraulic machine so that the clamshell device would open and close cyclically. To effect the repeated folding, the woven fiber cloths were secured in the clam-shell device using Teflon plates in order to minimize any material damage. The Teflon plates were secured to the device using constant force springs to keep the fabric at a constant tension as the clamshell transitioned between 120° (open) and 5° (closed) over a 6.35 mm diameter stainless steel folding rod. A schematic of the device for fiber folding is shown in Figure 1. All three fiber materials were subjected to folding for 5.5K cycles and 80K cycles. 
X-ray Photoelectron Spectroscopy. Individual yarns of fibers were removed from the woven cloths and mounted on custom paperboard sample holders for X-ray photoelectron spectroscopy (XPS) measurements. Yarns that were transverse to the folding rod were selected for removal. The length of yarn subjected to the folding strain was approximately 1 cm. Each cloth was large enough to produce abundant yarns so that each characterization test had an independent population of fiber specimens. This ensured no residual environmental or radiation damage could corrupt the measurements. XPS was performed on a Kratos Axis Ultra spectrometer using monochromatized Al K radiation at 1486.6 eV. Survey spectra were taken at 90° (normal to the specimen surface) at three unique locations for each set of fibers. Each survey spectra was a sum of five scans acquired at pass energy of 160 eV and resolution of 0.5 eV/step and dwell time of 100 ms/step. A neutralizer gun was used to reduce charging of the samples while scanning. Binding energy corrections were made by referencing spectra to the carbon peak at 285 eV. Relative atomic concentrations were determined by subtracting a Shirley-type background and subsequently integrating the area under the remaining peak and dividing by the relative sensitivity. The relative sensitivity factors were provided by the manufacturer and are as follows: F 1s = 4.43, O 1s = 0 .780, N 1s = 0.477 C 1s = 0.278, Cl 2p = 2.29, P 1s = 0.486. A transmission function correction was also made. The program used for quantification was CasaXPS. The standard uncertainty associated with XPS measurement is 2 %.
Positron Annihilation Lifetime Spectroscopy (PALS). Bulk PALS measurements were performed at the positron user facility at the North Carolina State University. Square segments of woven cloth were selected for removal in the region of the folding rod. Due to the fact that the woven cloths have significant macro-void space between the yarns, multiple woven fiber specimens were stacked to create a volume of material with at least six layers of fiber yarns thick to assure the full stopping of the positrons within the material. This required four pieces of cloth cut from the region around the folding bar. 15 µCi 22Na sealed with 7.6 µm Kapton films was used as the positron source and was sandwiched between the woven cloth specimens. The sample-source-sample assembly was wrapped in aluminum foil and placed between two photomultiplier tubes with plastic scintillators to detect γ rays signaling positron emission from the 22Na source and subsequent Ps annihilation, respectively. A schematic of the sample geometry is presented in figure 1E. Because of the very low Ps formation of these materials, all the lifetime spectra contain at least 1×107 annihilation events. Positron/Ps lifetimes were fitted with POSFIT and pore sizes were determined from lifetime data with an extended Tao-Eldrup model.33,34  The spectra were fitted to three lifetimes, with the two short ones representing positron and/or p-Ps lifetimes and the longest one o-Ps lifetime.  Only the o-Ps lifetime and its corresponding intensity is of interest.
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GRAPHICAL ABSTRACT
John A. Howarter, Ming Liu, Walter G. McDonough, Christopher Soles, Kirk Rice, Gale A. Holmes
Nanostructural Evidence of Mechanical Aging and Performance Loss in Ballistic Fibers
Methods of rapidly assessing aging and degradation of high performance polymer fibers are critical for designing next generation materials. Three polymer fiber types were investigated under accelerated aging conditions. Single fiber tensile behavior of the aged samples varied based chemical and nanostructural composition of the fibers. Fiber nanostructure was characterized with positron annihilation lifetime spectroscopy (PALS) to measure the onset of changes in free volume and void formation.
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Table 1. XPS data for four ballistic fiber materials.
	Fiber Type
	C%
	O%
	N%
	F%
	Cl%
	P%

	PBIA-co-PPTA
	48.6
	5.8
	0.8
	42.1
	2.8
	--

	PBIA-co-PPTA (uncoated)
	74.1
	12.6
	12.8
	--
	--
	--

	PPTA
	87.0
	7.0
	6.0
	--
	--
	--

	PBO
	80.8
	13.2
	2.9
	--
	--
	3.1
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