
Investigation and Characterization of  Co-polymer Aramid Ballistic Fibers[footnoteRef:1] [1:  Official contribution of the National Institute of Standards and Technology; not subject to copyright in the United States.  ] 


Walter G. McDonougha, Joy P.Dunkersa, Amanda L. Forstera, N. Alan Heckertb, Jae H. Kima, Scott A. Wighta, Gale A. Holmesa

aMaterial Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA
 bInformation Technology Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA
walter.mcdonough@nist.gov (corresponding author), +1 301-975-3661, NIST, 100 Bureau Drive, STOP 8541, Gaithersburg, MD 20899, USA
 joy.dunkers@nist.gov, Amanda.forster@nist.gov, alan.heckert@nist.gov, jaehyun.kim@nist.gov, scott.wight@nist.gov, gale.holmes@nist.gov 

ABSTRACT
Fibers containing 5-amino-2-(p-aminophenyl)benzimidazole are being considered for use as reinforcement in soft body armor applications.  Past research in this laboratory has resulted in a suite of tests that have been used to detect degradation in other fibers and are now being applied to the fibers in question.  Due to the architecture of the yarns in this study, two methods to extract single filaments for tensile testing were described and analyzed.   A dry method resulted in fibers with surface damage, reflected in a high standard deviation in strength.  A wet extraction method showed a reduction in surface damage and a lower standard deviation in strength.  Fourier Transform Infrared analysis detected signs of hydrolysis in the fibers that were exposed to water.  Although no noticeable loss in tensile strength was noted upon exposure, the possibility of hydrolysis in these fibers may indicate a need for further study.  
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1. Introduction 
Linking the molecular structure and solid morphology of advanced fibers to their long-term ballistic performance remains an essential goal for the development of ultra-lightweight and durable soft body armor (SBA).  As the quest for higher strength and lighter weight fibers for use in SBA continues, co-polymer aramid fibers such as Artec are being used.[footnoteRef:2]  Reports indicate that the Artec fiber is chemically similar to Rusar fibers.  These fibers contain [5-amino-2-(p-aminophenyl)benzimidazole] (amidobenzimidazole, ABI) and p-phenylenediamine (p-PDA) reacted with terephthaloyl chloride in molecular proportions that result in at least 85 % of the linkages in the co-polymer being amides (Figure 1).  This restriction allows this co-polymer, which is known as poly(p-phenylene-benzimidazole-terephthalamide-co-p-phenylene terephthalamide) or (PBIA-co-PPTA), to still be classified as an aramid fiber. For this paper, Rusar, Artec, and SVM shall be designated PBIA-co-PPTA1, PBIA-co-PPTA2, and PABI, respectively.  It should also be noted that patents have been granted recently for similar fibers.[1-3] [2:  Certain commercial materials and equipment are identified in this paper to specify adequately the experimental procedure. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it necessarily imply that the product is the best available for the purpose.] 

The service properties and characteristics of the PBIA-co-PPTA fiber depend on the purity and stability of the crystal structure of the monomer 5(6)-Amino-2-(p-aminophenyl) benzimidazole (DABI) shown in Figure 1.  Although another synthetic method is known[4], the DABI monomer is reportedly obtained from a multistep synthesis starting from 2,4-dinitroaniline (DNA) via the intermediate 2’,4,4’-triaminobenzanilide (TABA) that undergoes ring closure to yield the monomer (Figure 2).  Therefore, DNA and TABA are common impurities in DABI that must be removed prior to use.  The technical specification for the monomer is a crystalline powder (mp 234 °C) that contains no less than 99.96 mass% DABI.  To achieve this, DABI is crystallized from HClconc (90 °C), and the resulting salt is neutralized with NH4OHconc and dried at 110 °C to 130 °C in air before drying it in a vacuum for 3 h at 160 °C to 170 °C.[5]     
The mechanical properties of an advanced fiber (e.g., strain-to-failure, and ultimate tensile strength) are essential for assessing its ballistic potential in SBA.  Research by Holmes et al. [6, 7] has shown that woven fabrics from SBA may be susceptible to hydrolytic damage and localized folding damage that can occur during use.  To quantify this damage, fiber tows are harvested from the woven fabric.  Single fibers are then carefully extracted from the damaged tow without causing additional damage.  The residual fiber strength is then determined.  
In order to focus on the mechanical and chemical characterization of PBIA-co-PPTA2 fibers using established test methods[8-11], an approach to removing individual fibers from these co-polymer aramid yarns with minimal surface or internal damage is considered essential to ensure the fidelity of the mechanical properties obtained from the folded yarns.  In the present work, the results of a “dry” fiber extraction method are compared with a technique that involves submerging the fibers in water prior to extraction from yarns, which will be referred to as “wet” for the purposes of this paper.  Even though the research of Messin et al. [12] has shown that PBIA-co-PPTA2 fibers are more resistant to hydrolysis than Armos and PBIA-co-PPTA1 fibers at 65 °C and 80 % RH, the immersed fibers were monitored for evidence of hydrolytic degradation.       
2. Material and methods
2.1 Fiber Materials
The PBIA-co-PPTA and PABI fibers are synthetic high-modulus fibers and are all classified as para-aramids.[13, 14]  These fibers have a slightly different chemical structure than more conventional para-aramids, such as PPTA.  The synthesis of PBIA-co-PPTA involves the polycondensation of dimethylacetamide, terephthaloyl chloride and p-phenylene diamine.  It is suspected that PBIA-co-PPTA1 and PBIA-co-PPTA2 may employ different diamine ratios during the synthesis process, although this has not yet been confirmed and the reported structure seems to be a combination of PABI and PPTA components.[13]  The assumed chemical structures of the fibers examined in this study are shown in Figure 1 and Figure 3.  The PBIA-co-PPTA  fibers were received in our laboratory in the form of a woven fabric from which yarns were removed for testing, and had a crimped pattern.  The PABI fibers were taken from a spool, and thus appeared smooth and uncrimped.


2.2 Fiber Removal from Yarns
Upon starting work with the copolymer aramid yarns, a difference in yarn architecture was noted between these materials and the PPTA and PBO yarns that had previously been studied.[10, 11]  The copolymer yarns in this study were twisted tightly along their lengths and may have been coated with water repellants or other sizing agents, making the extraction of single fibers challenging (see Figure 4).  Initial efforts to remove single filaments from the yarns were conducted by manually untwisting and splitting the yarn along its length into smaller sections until single fibers could be removed.  For the purposes of this paper, this method will be referred to as the “dry” method.  This manual splitting method resulted in physical damage, usually in the form of imperfections such as tearing along the surface of the fiber (see Figure 5).  
Micrographs of the ends of the yarns of the three fiber types are presented in Figure 6.  The yarns were encased in potting compound and then polished.  Many of the fibers in these micrographs are arranged in close proximity to each other.  It is not known at this time if the fibers are fused together.  Figure 7 shows the difference in architecture between PABI, PBIA-co-PPTA1, PBIA-co-PPTA2 and PPTA yarns.
A second method of removing the fibers from the yarns involves cutting a yarn to a nominal 15 cm length, placing it in a Pyrex dish containing distilled water, and over the course of 4 d using plastic needles to loosen the yarn along its length to the point where individual fibers can be removed.  This method will be referred to as the “wet” method.   The separation process takes several days because the water needs time to penetrate the yarn.  The needles were used to laterally separate the yarn into smaller sections.  For these fibers, caution was exercised to use the minimum possible amount of lateral force with the needles, otherwise the fibers would bend and flatten at the point of bending (see Figure 8).  The single filament was then slowly and gently pulled from the yarn.  Once a fiber was removed, the ends were clamped with miniature clips and the fibers were allowed to dry at room temperature for several days.  After drying, the fibers were mounted on paper tabs to facilitate handling.  The separation process was aided by using a Zeiss Discovery V20 stereo microscope.  It should be noted that the goal in removing single fibers from the yarns was to do it in such a way as to minimize manipulation of the fibers.  Hence the use of solvents to strip away any surface treatments was avoided for this work and the handling of the fibers was kept to a minimum.  Water was chosen as the medium because the fibers will be exposed to moisture in SBAs and so should be relatively stable when exposed for a short time duration.
2.3 Fiber Characterization Methods
2.3.1 Scanning Electron Microscopy
The scanning electron microscope used in this work was a FEI Company Quanta 200F environmental scanning electron microscope (ESEM).  The microscope was operated in high vacuum with a low accelerating voltage and the Everhart-Thornley detector was utilized for secondary electron imaging.
2.3.2 Confocal Microscopy
Prior to imaging, the fibers were mounted on a microscope slide and then immersion fluid (Leica, Type F) was placed on the fibers for refractive index matching. A cover slip (no. 1.5) was laid on top of the fibers. A Leica SP5 laser scanning confocal microscope was used to image the fibers and the microscope was equipped with a 10x, 0.3 NA airy coupled objective using the 488 nm line in transmission mode with a confocal pinhole of 1 AU (airy unit).
2.3.3 Fourier Transform Infrared (FTIR) Spectroscopy
Infrared analysis was carried out using a Nicolet Nexus FTIR equipped with a SensIR Durascope Attenuated Total Reflectance (ATR) accessory. Air, dried by passage through a standard FTIR purge gas generator, was used as the purge gas. Consistent tension on the yarns was applied using the force monitor on the Durascope. FTIR spectra were recorded at a resolution of 4 cm-1 between 4000 cm-1 and 700 cm-1 and averaged over 128 scans. Two to four different locations on each yarn were analyzed. Baseline correction was carried out using OPUS 6.5 software from Bruker, and the maximum baseline concavity correction was applied.  All spectra were normalized to an unchanging peak at 889 cm-1.[12] Standard uncertainties associated with this measurement are typically 4 cm-1 in wavenumber and 1 % in peak intensity.[15]
2.4 Mechanical 
2.4.1 Diameter Measurements
Fibers were placed on a stage attached to a Nikon Optiphot-Pol microscope and fiber diameters were measured at 5 different places along a 60 mm gauge length using an Excel XL-00945 video caliper.  As organic fibers typically have variations in diameter along their length, an average of five measurements for each fiber was used.[16]  Also, as the diameters were measured, any damage or structural anomalies along the length of the fiber such as kinks, splits or flattened regions were noted.  
2.4.2 Mechanical Testing
For this work, the Favimat single fiber testing machine from Textechno was used.    Fibers were removed from their paper tabs and clamped between spring-loaded polymethyl methacrylate grips and a gauge length of 60 mm was used. The fibers were pulled in tension at 2 mm/min until failure.  The number of samples per condition is shown in Table 1.
2.5 Statistical Analyses
Past work has demonstrated that simply reporting the mean and standard deviation does not accurately capture the true variation in the data, especially if the data has the potential to be  non-normal due to damage.[17]  Three fibers are being compared: two PBIA-co-PPTA fibers and a PABI fiber.  These fibers are each measured under “dry” and “wet” conditions and there are four outputs: tensile strength, maximum load, strain-to-failure, and fiber diameter.  The primary objective of this study is to compare the dry versus wet extraction method for each fiber; however, a secondary interest is to ascertain any differences among the three different fibers.  Nonparametric analyses are presented in the form of kernel density and quantile-quantile (q-q) plots.  The kernel density plot provides an estimate of the underlying probability density function of a dataset. It is defined as the plot of

 vs. with K, h, , and n denoting the kernel function, the window width, the i-th data point and the number of data points, respectively. The kernel density function is evaluated at a number of equally spaced locations.   At a given location, the points in the sample are weighted by the kernel function and the window width to determine the estimated density at that location.  For example, the standard histogram is a simple kernel density estimator where h corresponds to the bin width and the sample point is either assigned full weight (if it is inside the bin) or zero weight (if it is outside the bin).  With nontrivial kernel density estimation, however, the kernel function is typically chosen to decay smoothly as the abscissa location y gets further from a sample point.  A Gaussian kernel function was used in the work done here.  Although many other choices are available, Silverman studied the properties of various kernel functions and concluded that the kernel density plot is not overly sensitive to the choice of kernel function (or the true kernel function is itself a symmetric probability density function).[18]  We used the value for h recommended by Silverman
                         (2)
with s and IQ  denoting the sample standard deviation and interquartile range.[18] The value of h controls the smoothness of the plot (larger values of h result in more smoothing).  The optimal choice for h is dependent on the true underlying density function (which is the estimation target).  The value of h used here should provide near optimal performance if the underlying data is normally distributed, and reasonable performance for unimodal densities that are symmetric or have moderate skewness, and for densities that are moderately bimodal.
Q-Q plots are used to plot the quantiles of one dataset against the quantiles of a second dataset.  First, the two samples are both sorted.  If the sample sizes are equal, then the i-th ordered value of the first sample is plotted against the i-th ordered value of the second sample. If the two samples are not equal, then we interpolate the values in the larger sample to create quantiles corresponding to those of the smaller sample. Q-Q plots are similar to probability plots.[19]  The distinction is that in a probability plot one dataset is replaced with the quantiles from a theoretical distribution. If the samples come from closely similar distributions, the points should lie along the 45 line and the intercept, A0, and slope, A1, of a least squares line fitted to the plotted points should be close to 0 and 1, respectively.  The correlation coefficient (CC) of the points on the Q-Q plot provides a measure of the linearity of the plot, with correlation  close to 1 if the datasets come from a common distribution.  Both techniques allow for comparing the data from the wet and dry fiber removal methods to check the similarity of the data. 
3. Results and discussion
3.3 Microscopy - SEM and Confocal Microscopy 
Both the SEM (see Figure 9 ) and Confocal Microscopy (see Figure 10) techniques show that the fibers extracted using the dry method tend to exhibit more surface damage in the form of splitting and kinking, but it should be noted that such damage was not completely avoided using the wet method.  
3.1 Spectroscopy - FTIR Results
As previously discussed, fibers used in this study were immersed in water to assist in separating individual filaments from the yarn.  Past studies have shown that fibers based on the aramid moiety and azole moiety found in PBIA-co-PPTA2 fibers can be susceptible to acid-catalyzed hydrolysis.[6, 20, 21]  Through the use of difference FTIR spectra, where the infrared spectra taken from the unconditioned sample are subtracted from the spectra of fibers which have been subjected to the water treatment, the evolution of changes in chemical structure can be evaluated.[22-25]  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.[24, 25]  Difference spectra for PBIA-co-PPTA2, PABI, and PBIA-co-PPTA1 were generated by subtracting the spectrum of the dry or untreated sample for each fiber from the spectrum of the sample which had been exposed to water.    
The difference spectrum for PBIA-co-PPTA2, Figure 11, shows an increase in N-H around 3293 cm-1.  A new peak at 1653 cm-1 associated with carboxylate ion formation is observed in this material.  Losses at 2920 cm-1 and 2850 cm-1, that can either be attributed to amine salts (from processing) or alkanes (also a processing additive) washing off the fiber, are observed.  A loss peak at 1467 cm‑1 is attributed to benzimidazole ring stretch.  A loss at 1223 cm-1 can be attributed to losses in amine salts.  Increases in N-H, combined with losses in the benzimidazole ring and an increase in the carboxylate ion are consistent with hydrolysis occurring in the benzimidazole ring structure of this material after treatment during water immersion.
The amide groups, such as found in PPTA, are known to be stable in pH 7 water[12] and the imidazole group has been shown to be more hydrolytically stable, due to resonance stabilization, than oxazole groups like those found in PBO[6].  However, in neutral water, benzimidazole is at least half protonated.[26, 27]  The 2-imidazolinium ion that is formed has been shown to undergo hydroxide ion attack to form a tetrahedral addition intermediate that decomposes the imidazole ring to form an amide linkage and primary amine (Figure 12).[28]  The hydrolysis reaction in Figure 12 is shown specifically for the PBIA-co-PPTA fiber to underscore that any detectable change in material properties upon exposure to moisture is related to the disruption of the imidazole ring structure to the more stable amide.
In Figure 13, the difference spectrum for PABI shows a loss peak associated with benzimidazole ring stretch at 1467 cm-1.  The loss of a peak at 1219 cm-1 is attributed to amine salts being washed off of the fiber by the treatment process.  A new peak at 1640 cm-1 could be attributed to carboxylate ion formation.  Another new, unassigned, peak is formed at 1591 cm-1.  Losses in the benzimdazole ring and an increase in the carboxylate ion is consistent with hydrolysis occurring during immersion in water; the small increase in N-H at 3293 cm-1 would also be expected in this case.  These changes are expected based on the observations for the PBIA-co-PPTA fiber.  
The difference spectrum for PBIA-co-PPTA1 is presented in Figure 14.  This difference spectrum displays features that do not appear in the other two fiber spectra.  A loss in N-H is observed at 3293 cm-1.  Losses at 2920 cm-1 and 2846 cm-1, that can either be attributed to amine salts (from processing) or alkanes (also a processing additive) washing off the fiber, are observed. However, peaks consistent with losses of the amide I and amide II carbonyls are observed at 1633 cm‑1 and 1539 cm-1, respectively.  Amide I is the name given to the vibration that arises mainly from the C=O stretching vibration with minor contributions from the out-of-plane vibrations.  Amide II refers to the out-of-phase combination of the N-H in-plane bend and the C-N stretching vibration.  Essentially, the main C=O vibration is amide I and the vibration of the other parts of the amide are amide II.[29]  Increases in benzimidazole ring stretch are observed at 1467 cm-1 and 1240 cm-1.  
The loss of amide carbonyls and NH with a concurrent increase in benzimdazole ring stretch is explainable if one considers the purity of the DABI that may have been used to prepare the  PBIA-co-PPTA1 fiber.  Kochetkov et al.[5] tested for moisture certified DABI that had been purified using the procedure discussed in the Introduction and found the material had 11 % moisture content by Fischer titration.  A portion of the as received sample was dried and another portion was recrystallized at 90 °C from 10 % H2SO4 and dried at 80 °C  5 °C to 0.2 % moisture content.  The FTIR spectra of these two samples are shown in Figure 15.  The differences in these two spectra reflect IR bands that are characteristic of the presence of TABA in the as-received sample.  Based on the hydrolysis mechanism shown in Figure 12, the DABI may have degraded after the certification process as moisture was reabsorbed into the sample.  Thus the presence of significant amounts of TABA in the starting material as the corresponding amine salt could have reduced the acidity of the medium enough to effect ring closure, thereby producing benzimidazole linkages in the PBIA-co-PPTA1 fibers.    
Overall, changes  observed in the difference spectra for all of the fibers after treatment could be consistent with the removal of processing additives or byproducts, combined with possible hydrolysis. However, all of the changes in the fibers due to the wet treatment are not fully explained using the FTIR technique.  Future studies using this wet treatment may require additional monitoring of the fibers before and after treatment to characterize the changes in the material, as well as measuring the leachates in the water.
3.2 Mechanical - Tensile Testing and Statistical Analysis
The results of the tensile testing are presented in Table 1.  The table shows that for each fiber type, the means of the tensile strength data are comparable regardless of extraction method used but the standard deviations are larger for the “dry” extraction method.  This trend repeats itself for the strain values of the PBIA-co-PPTA fibers.  These results are consistent with the results from Messin et al. [12] In that research, the tensile strength of yarns of these materials that had been exposed to 65 °C and 80 % RH showed minimal (less than 5 %) loss after 4 d exposure.  The strain to failure of the PABI “wet” fibers are higher than those extracted “dry”.  Variations in the means for the fiber diameters can be seen, “wet” vs. “dry”, for all three fibers. 
Kernel Density and Quantile-Quantile (Q-Q) plots were generated to compare dry and wet data in more detail.  The first set of plots for tensile strength for the “dry” and “wet” methods (Figure 16) are used to compare the “dry” and “wet” data for each of the three fibers.  The top half of these graphs overlay the kernel density plots for the dry (blue curve) and wet (red curve) data.  The bottom half of the plot shows the corresponding Q-Q plots.  The kernel density plots show the greater spread in the dry data relative to the wet data.  The Q-Q plots show that the dry and wet data sets do not appear to have a common distribution for any of the fibers.  Again, the means are statistically equivalent for the wet and dry methods of extraction for each fiber type but are statistically different among the fiber types.  In addition, the standard deviations are larger for the dry data than for the wet data, suggesting that there is more uncertainty with the dry method of extraction.  For the strain data (Figure 17), the extraction method had minimal effect on the means for the PBIA-co-PPTA fibers.  However, there is a large difference for the PABI fiber with the wet extraction fibers showing the higher strain to failure.  The standard deviations are larger for the dry data than for the wet data for all three fibers.  For the fiber diameter data (Figure 18), there are differences in means based on the fiber.  The differences in the means for the extraction methods are negligible for fixed fiber type.  However, both fiber type and extraction method have an effect on the standard deviation.  Specifically, the PABI has a higher standard deviation than PBIA-co-PPTA fibers and dry fibers have a higher standard deviation than wet fibers.
Kernel density plots were generated on surface damage type (none, kinks, splits, flattened, kinks and splits, and kinks and flattened, see Figure 19 and Figure 20).  Although the dry-extracted fibers showed more damage than did the wet-extracted fibers, no obvious pattern was observed for either fracture type or damage amount.   Testing more samples would increase the robustness of the data, but existing patterns would suggest a fundamental shift attributable to fracture or damage in the relative mean values is not anticipated.  
A number of standard statistical tests were used to confirm the results suggested by the preceding graphics.  Unpaired t-tests, the standard normal-based test for differences in location, were performed to compare the means for the dry and wet data for the various combinations of fiber and response variable.  Since the t-test assumes normality and these data are not normally distributed, nonparametric Mann-Whitney tests were also performed.  The F-test is the standard normal-based test for differences in variance (s2).  The squared ranks test and the Klotz test are nonparametric scale comparison alternatives.  The squared ranks test is based on the ranks of the data while the Klotz test is based on normal scores taking the normal percent point of a scaled rank.  Instead of showing the detailed outputs from these tests, a summary plot of the p-values is shown (a “1 – p-value” is actually plotted for better visual effect)(Figure 21).  A p-value of 0.05 is the conventional level for statistical significance and a p-value of 0.01 is considered highly significant.  The 0.10 level is also sometimes used.  In the plot, red denotes high statistical significance, blue denotes statistical significance at the conventional level and green denotes statistical significance at a lower level.  The summaries are consistent with the graphical analyses.  Location is not significantly different for dry/wet for strength, strain and load with the exception of the SVM fiber for strain.  However, diameter does show a statistically significant difference.  The scale (or spread) is statistically significant for strength, strain and load (although only at the 0.10 level for the F-test for strain for the SVM fiber).
Single fiber testing was conducted on PBIA-co-PPTA2 using the “dry” extraction technique with fibers folded 5.5k and 80k times (see Table 2 and Figure 22, Figure 23, Figure 24, and Figure 25).  It can be seen that there were no statistical change in the mean mechanical properties that were measured. As before, a number of tests were performed to confirm the results suggested by the graphics of Figures 15-17 (see Figure 25).  A one-way analysis of variance was used to compare the means.  Since the normality assumption is questionable, a nonparameteric Kruskal-Wallis test was also run.  To compare the variances, the Levene and squared ranks tests were used.  Instead of showing the detailed outputs from these tests, the summary plot of the p-values is shown (“1 – p-value” was plotted for better visual effect).  As before, red denotes high statistical significance, blue denotes statistical significance at the conventional level and green denotes statistical significance at a lower level.  
The summary plot shows that the differences in location/mean are not statistically significant for the strength, strain, and load responses.  The explanation for this is that although there is a consistent trend in the mean values for these variables (80k < 5.5k < no fold), the magnitudes of these differences (relative to their standard deviations) are not large enough to be statistically significant.  For these variables, the squared ranks test shows weak statistical significance (i.e., at the 10 % level but not the 5 % level) for the strength and strain variables.  The Levene test does not show statistically significant differences in standard deviations for these variables.  The differences in location for the diameter variable are highly statistically significant.  As noted earlier, the magnitudes of the differences (relative to the standard deviation) are much larger for this variable than for the other response variables.  The Levene test and squared ranks test do not show statistically significant differences in standard deviation for the diameter variable.
Considering that for the unfolded PBIA-co-PPTA2 there was no change in the mean tensile strength value for the dry or wet extraction process, one could presume that this would be the case for 5.5k and 80k folded PBIA-co-PPTA2 fibers extracted wet.  However, this must be verified experimentally.  Although no change was noted during folding, there is no guarantee that, due to the architecture of these fibers, damage was not induced during fiber extraction to the point where the strength is so low that changes would not occur.  PBIA-co-PPTA1 and PBIA-co-PPTA2 may be similar fibers with the only difference being that the PBIA-co-PPTA1 was untreated and PBIA-co-PPTA2 was treated.  Ideally, single fibers without a twist or coating that binds them would be needed to establish a baseline from which the effects of processing, folding, extraction could be determined.  Without such fibers, and without such a baseline, firm conclusions may not be possible.  
4. Conclusions
Based on the architecture of the yarns in this study, two methods to extract single filaments for tensile testing were analyzed.   A dry method resulted in fibers with surface damage, reflected in a high standard deviation in strength.  The wet extraction method showed a reduction in surface damage and a lower standard deviation.  FT-IR analysis showed signs of hydrolysis in the PBIA-co-PPTA and PABI fibers.  
For tensile strength, the means were statistically equivalent for the wet and dry methods of extraction and statistically different across the fiber types.  Standard deviations are larger for the dry data than for the wet data, meaning that there is more uncertainty with the dry method of extraction.  For the strain data, the extraction method has minimal effect on the means for the PBIA-co-PPTA fibers.  However, there is a large difference for the PABI fiber with the wet extraction showing the higher strain to failure.  Standard deviations are larger for the dry data than for the wet data for all three fibers.    
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Table 1: Results from tensile tests of single fibers
	


	Tensile Strength (SD) GPa
	Strain to failure (SD)
	Diameter (SD)
mm
	Number of Samples

	PBIA-co-PPTA2-dry
	2.62 (0.80)
	0.031 (0.010)
	14.87 (0.29)
	46

	PBIA-co-PPTA2-wet
	2.62 (0.49)
	0.030 (0.005)
	14.69 (0.29)
	21

	PBIA-co-PPTA1-dry
	2.96 (0.78)
	0.031 (0.008)
	14.17 (0.35)
	28

	PBIA-co-PPTA1-wet
	3.05 (0.34)
	0.032 (0.005)
	14.41 (0.28)
	28

	PABI-dry
	2.08 (0.66)
	0.030 (0.010)
	14.41 (0.53)
	26

	PABI-wet
	2.07 (0.32)
	0.048 (0.007)
	14.71 (0.40)
	18






Table 2: Results from tensile tests on Artec fibers after folding
	
	Tensile Strength (SD)
GPa
	Strain to failure (SD)
	Diameter (SD)
mm
	Number of Samples

	PBIA-co-PPTA2-dry no folds 
	2.62 (0.80)
	0.031 (0.010)
	14.87 (0.29)
	46

	PBIA-co-PPTA2-dry 5.5k folds
	2.59 (0.83)
	0.030 (0.010)
	14.24 (0.55)
	46

	PBIA-co-PPTA2-dry 80k folds
	2.51 (0.93)
	0.029 (0.011)
	14.37 (0.58)
	50
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[bookmark: _Ref390413617]Figure 1.  Formation of poly[(p-phenylene benzimidazole terephthalamide)-co-(p-phenylene terephthalamide)] or (PBIA-co-PPTA) by the reaction of [5-amino-2-(p-aminophenyl) benzimidazole] (amidobenzimidazole, ABI) and p-phenylenediamine (p-PDA) with terephthaloyl chloride. 



[image: ]
[bookmark: _Ref398050156]Figure 2.  Reaction scheme for the preparation of 5(6)-amino-2-(p-aminophenyl)benzimidazole (DABI). (adapted from [Kochetkov, K.A. 2009][5])
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[bookmark: _Ref390701121]Figure 3.  Chemical structures of (a) poly(p-phenylene terephthalamide) (PPTA), (b) poly(p-phenylene-2,6-benzoxazole) (PBO), and (c) poly(p-phenylene benzimidazole terephthalamide) (PBIA) also known as polyamidobenzimidazole (PABI).[30]
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[bookmark: _Ref391367827]Figure 4. Surface of PBIA-co-PPTA2 yarn. 
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[bookmark: _Ref379542372]Figure 5. Surface damage on PBIA-co-PPTA2 fiber when pulled out using the dry method.  Fiber diameter is nominally 14 µm.


[bookmark: _Ref366497913][bookmark: _Ref366737362]Figure 6: Micrographs of the end views of (A) PBIA-co-PPTA2, (B) PBIA-co-PPTA1, and (C) PABI yarns.  Fiber diameters are nominally 14 µm.
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[bookmark: _Ref376942549]Figure 7.  Micrograph showing the architecture of (A) PABI, (B) PBIA-co-PPTA1, (C) PBIA-co-PPTA2, and (D) PPTA fibers.  PABI was from a spool and PBIA-co-PPTA1, PBIA-co-PPTA2, and PPTA were extracted from weaves. Each gradation on the ruler is 1 mm.
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[bookmark: _Ref366497984]Figure 8.  Lateral damage to a PBIA-co-PPTA2 fiber during extraction from a yarn.  Damage came from a needle used to separate and loosen the yarn.  Fiber diameter is nominally 14 μm.
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[bookmark: _Ref400541846][bookmark: _GoBack]Figure 9  ESEM images: (A) PBIA-co-PPTA2 (dry), (B) PBIA-co-PPTA2 (wet), (C) PBIA-co-PPTA1 (dry), (D) PBIA-co-PPTA1 (wet), (E) PABI (dry), (F) PABI (wet).  Fiber diameters are nominally 14 µm.
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[bookmark: _Ref392051239]
[bookmark: _Ref400541870]Figure 10.  Confocal microscopy images: (A) PBIA-co-PPTA2 (dry), (B) PBIA-co-PPTA2 (wet), (C) PBIA-co-PPTA1 (dry), (D) PBIA-co-PPTA1 (wet), (E) PABI (dry), (F) PABI (wet).  Fiber diameters are nominally 14 µm.
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[bookmark: _Ref366498218]
Figure 11.  FT-IR difference spectrum for PBIA-co-PPTA2.  The untreated (virgin) sample was subtracted from the treated sample.  Relevant peaks are labeled.
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[bookmark: _Ref398057223]Figure 12.  Hydrolysis of imidazole ring structure in poly[(p-phenylene benzimidazole terephthalamide)-co-(p-phenylene terephthalamide)] or (PBIA-co-PPTA) to form amide linkage.  Although para-substituted ring opening chain shown meta-substitute ring opening can also occur.
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[bookmark: _Ref366498203]Figure 13.  FT-IR difference spectrum for PABI.  The untreated (virgin) sample was subtracted from the treated sample.  Relevant peaks are labeled.







[bookmark: _Ref366498228][image: ]
Figure 14. FT-IR difference spectrum for PBIA-co-PPTA1.  The untreated (virgin) sample was subtracted from the treated sample.  Relevant peaks are labeled. 
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[bookmark: _Ref398104215]Figure 15.  FTIR spectra of the 5(6)-Amino-2-(p-aminophenyl) benzimidazole (DABI) monomer. (a) As received sample after drying to remove 11 % moisture.  (b) As received sample after recrystallization from 10 % H2SO4 an drying. (adapted from [Kochetkov, K.A. 2009][5])



[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_qq_strength.tif]
[bookmark: _Ref366498279]Figure 16.  Kernel density (top) plots show the smoothed histograms and Quantile-Quantile (Q-Q) (bottom) plots for tensile strength for the dry (blue curve) and wet (red curve) extraction methods.  For the kernel density plots, the wet method yielded a narrower distribution than the dry method.  For the Q-Q plots, the data sets are different.


[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_qq_strain.tif]
[bookmark: _Ref366498290]Figure 17.  Kernel density (top) plots show the smoothed histograms and Q-Q (bottom) plots for strain to failure for the dry (blue curve) and wet (red curve) extraction methods.  For the kernel density plots, the wet method yielded a narrower distribution than the dry method.  For the Q-Q plots, the data sets are different.

[bookmark: _Ref366498297][image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_qq_df.tif]
[bookmark: _Ref400609442]Figure 18.  Kernel density (top) plots show the smoothed histograms and Q-Q (bottom) plots for the fiber diameters for the dry (blue curve) and wet (red curve) extraction methods.  For the kernel density plots, the methods yielded similar curves.  The Q-Q plots indicate a similarity in the data sets.


[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_strength_d.tif]
[bookmark: _Ref400609531]Figure 19. Kernel density plots of tensile strength for wet and dry extracted fibers accounting for damage type.  No pattern can be seen with fracture type.
[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_strain_d.tif]
[bookmark: _Ref400609555]Figure 20. Kernel density plots for strain to failure for wet and dry extracted fibers accounting for damage type.  No pattern can be seen with fracture type.

[bookmark: _Ref366498305][image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\tests_summary.tif]
[bookmark: _Ref400609203]Figure 21.  Summary plot of the p-values (“1 – p-value” is plotted for better visual effect).  A p-value of 0.05 is the conventional level for statistical significance and a p-value of 0.01 is considered highly significant.  The 0.10 level is also sometimes used.  In the plot, red denotes highly statistical significant, blue denotes statistical significance at the conventional 0.05/0.95 level and green denotes statistical significance at the 0.10/0.90 lower level. Df is the fiber diameter.


[bookmark: _Ref376862818]
[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_qq_strength (2).tif]
[bookmark: _Ref377395463]Figure 22. Kernel density (top) plots show the smoothed histograms and Q-Q (bottom) plots for tensile strength for the non-folded (blue curve), 5,500 folds (red curve), and 80,000 folds (green curve) PBIA-co-PPTA2 samples.  For the kernel density plots, the methods yielded similar curves.  The Q-Q plots indicate a similarity in the data sets.
[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_qq_strain (2).tif]

[bookmark: _Ref377395466]Figure 23. Kernel density (top) plots show the smoothed histograms and Q-Q (bottom) plots for the strain to failure for the non-folded (blue curve), 5,500 folds (red curve), and 80,000 folds (green curve) PBIA-co-PPTA2 samples.  For the kernel density plots, the methods yielded similar curves.  The Q-Q plots indicate a similarity in the data sets.
[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\kern_qq_df (5).tif]

[bookmark: _Ref377395470]Figure 24. Kernel density (top) plots show the smoothed histograms and Q-Q (bottom) plots for fiber diameters for the non-folded (blue curve), 5,500 folds (red curve), and 80,000 folds (green curve) PBIA-co-PPTA2 samples.  The 5,500 and 80,000 folds plots do not show significant differences.  However, the unfolded data does show clear differences.  Specifically, the kernel density plot shows a lower peak (i.e., the "average" value is lower) and a more spread out lower tail than the 5,500 and 80,000 folds data.  This is re-inforced by the Q-Q plots (the points all lie above the 45 degree line and the lower tail is more spread out, i.e., not parallel to the 45 degree line).
[image: C:\Users\waltermc\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2H9V3MK\tests_summary_folded.tif]
[bookmark: _Ref377395474]Figure 25. Summary of the location and scale tests for folded vs. non-folded PBIA-co-PPTA2 fibers. Df is the fiber diameter.
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