Effects of Temperature and Humidity on High Strength p-Aramid Fibers Used in Body Armor 

[bookmark: _Hlk508094120]Abstract. To improve the reliability and design of body armor, it is imperative to understand the failure modes and the degradation rates of the materials used in armor. Despite the best efforts of manufacturers, some vulnerability of armor materials to ageing due to hydrolytic or oxidative environments is expected and may result in the degradation of material properties such as tensile strength. In this work, p-aramid yarns from two manufacturers were exposed to environmental conditions of various fixed temperature and humidity combinations. The maximum temperature and humidity condition was 70 °C and 76 % relative humidity (RH). Tensile tests were performed on specimens extracted at several different times over the course of at least one year to determine the change in ultimate tensile strength and failure strain as a function of time, temperature, and humidity. Molecular spectroscopy was used to investigate any chemical changes as a result of the ageing.  The p-aramid materials were found to be generally resistant to degradation at most conditions, showing changes of less than 10 % only at the highest temperature and humidity conditions.  


[bookmark: _Hlk507269265] INTRODUCTION
Understanding the long-term stability of high strength fibers is critical to understanding the performance of body armor used in the field.  Prior work [1–3] has focused on the field failure of a body armor made from the material poly(p-phenylene-2,6-benzobisoxazole), or PBO, which led to a major revision to the National Institute of Justice’s (NIJ) body armor standard in 2008 [4].  Since the release of this revised NIJ standard, work has continued to examine mechanisms of ageing in other commonly used fibers, such as ultra-high molar mass polyethylene [5] and poly(p-phenylene terephthalamide), or PPTA, commonly known as aramid.  This work will focus on the long-term stability of aramid yarns manufactured by two different companies after exposure to conditions of elevated temperature both with and without humidity.	
The commercialization of aramid fibers ushered in the era of modern body armor.  In the early 1970s, NIJ partnered with the Department of Defense (DOD) to develop and pilot lightweight protective armor based on aramids and, by 1975, the first officer had been saved through this program [6].  To date, over 3100 law enforcement officers’ lives have been saved by wearing body armor [7].  Understanding the lifetime of materials used in body armor has been the focus of several historical efforts based on armor replacement guidelines.  Two studies are commonly cited, one undertaken by DuPont in the 1980s [8], and one by NIST (National Institute of Standards, then the National Bureau of Standards, NBS), which was published in 1986 [9].  The DuPont study showed a reduction in ballistic performance of used aramid armor after 3 to 5 years of use, however, that reduction in ballistic performance was better correlated to the usage rather than the age of the armor [8].  The NBS study examined 24 aramid armors of the same design that had been in use in various conditions and climates for about 10 years [9].  The NBS study concluded that aramid armor stored in climate controlled conditions would maintain its ballistic resistance for at least 10 years, however, the limited sample size in this study makes it difficult to draw meaningful conclusions about aramid armor lifetime [9].  DuPont recommended a 5-year service life as a result of their study [8], which remains a common service life for armor today. Both studies were more focused on the ballistic performance of aramid armor than on the potential mechanisms of environmental degradation to the aramid polymer. However, many other studies [10–19] have addressed the stability of aramids from the standpoint of fundamental material properties, as discussed below.  
Aramid is a condensation polymer that is well known to be susceptible to degradation by chain scission through a hydrolysis reaction of the amide linkage between phenylene rings,  catalyzed  in the presence of an acid or a base [10, 14].  A simple scheme for this reaction is given in Figure 1.  Several authors [13, 15, 20] have examined the effect of exposure to environments of elevated temperature, humidity, light, pH, or some combination thereof on the physical and chemical properties of PPTA fibers.  Many of these researchers performed studies in which PPTA fibers were immersed in solutions to examine hydrolysis, sometimes with non-neutral pH, while others used exposure to elevated conditions of temperature and relative humidity.  One study examined the effect of annealing at 150 °C on the crystal structure and found a decrease in crystallinity of about 10 % after 44 continuous d of aging at these conditions, and a corresponding slight increase in the microparacrystallite size[21].  
Polymeric materials are known to absorb ultraviolet (UV) radiation in the range of wavelengths present in solar radiation [22, 23].  This absorbed radiation has the potential to induce chemical bond breakage and oxidative damage [22, 23].  When using ballistic armor constructed from polymeric fibers, the UV transmittance of covering materials needs to be minimized to prevent UV damage from occurring to the fibers when the armor is in service.  The transmittance of the fabric carrier to UV light was assessed by covering the port of a large integrating sphere with the carrier and measuring the spectral flux with a spectrometer.  As shown in Figure A1 in the Appendix, the fabric carrier prevented any of the UV light from reaching the detector in the spectrometer.  Since the susceptibility of aramid fibers to degradation by UV radiation is well-understood by armor manufacturers, armor carriers are designed to minimize the exposure of the aramid fibers to UV. Due to the negligible UV exposure in armor, only hydrolytic ageing will be considered in this work.
The previous work of the most interest for body armor focuses on the lower temperature thermal (temperatures below 100 °C) and hydrolytic stability of PPTA. For body armor, a potential hydrolytic exposure mechanism is the permeation of water vapor through the armor panel structure, due to the breakdown or failure of waterproof coatings/covers.  

[image: ]
Figure 1. Schematic of PPTA hydrolysis mechanism.

The strength retention of aramid yarns after exposure to thermooxidative or hydrolytic conditions has been the focus of several previous studies [10, 12, 24].  In research published in 1989, Auerbach [12] exposed PPTA fibers to conditions of elevated temperature ranging from 130 °C to 170 °C and humidity ranging from 0 % RH to 90 % RH for up to 3 months, and calculated rate constants for degradation.  Auerbach proposes two equations, one for thermooxidative degradation (in the absence of humidity) and one for hydrolytic degradation (with humidity).  Springer, et. al.[24] built upon Auerbach’s work and propose a model of tensile strength evolution for aramid yarns, which will be further examined below.  The models proposed by Auerbach and Springer will be fitted to ultimate tensile stress, or strength, data for aramid yarns that were exposed to various combinations of humidity and temperature in the laboratory. The predictions from these models will then be used to calculate a theoretical ballistic performance metric.
Mechanical properties are of special interest because there is a relationship between ballistic performance and the strain wave speed and specific toughness, both of which can be calculated from properties measure in tensile testing [25–27]. A common benchmark used to describe ballistic resistance to a particular projectile is known as the armor’s V50, the velocity at which the projectile is expected to perforate the armor half of the time [28]. Cunniff [27] and Phoenix and Porwal [29] both developed equations relating the ultimate tensile strength, failure strain, and Young’s modulus to the V50. Despite Cunniff taking an experimental approach while Phoenix and Porwal modeled the material as a homogeneous membrane, the two results are remarkably similar. The V50 reduction [30] as calculated by Cunniff’s equation is:
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while Phoenix and Porwal’s equation gives:
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where  is the unaged ,  is the  for aged material, is the unaged strength,  is the aged strength,  is the unaged failure strain,  is the aged failure strain, and  is a projectile dependent parameter. Full details of the development of these equations are given in [30].
The key assumptions in calculating  and  are that the same type of projectile is used on aged and unaged material, that ageing the material causes changes in its mechanical properties, including ultimate tensile stress, ultimate tensile strain, and Young’s modulus, and that the material remains linear elastic up until failure. Furthermore, the material density is assumed to stay constant, as was seen in Obaid [20], where the linear density was unaffected by the sorption/desorption of water.
In this work, three different samples of p-aramid yarns were exposed to different conditions of temperature and relative humidity.  The tensile strength and strain-to-failure were monitored over time to investigate the effect of different environmental conditions on the mechanical properties of p-aramid yarns, and analytical models were investigated to predict changes in these properties.  Fourier transform infrared (FTIR) spectroscopy was performed to investigate any chemical changes in the material that would be indicative of degradation mechanisms such as hydrolysis or oxidation.  Theoretical predictions of ballistic performance were also made.  The results of this analysis are presented below.
EXPERIMENTAL
[bookmark: _Hlk507270322]Materials
Three different aramid yarns from two manufacturers were used in these experiments.  Aramid A was made by Manufacturer 1, while Aramid B and Aramid C were made by Manufacturer 2. Aramid A was nominally 93 tex, Aramid B was nominally 167 tex, and Aramid C was nominally 56 tex (Table 1). Tex is a common unit of measure in the textile industry for the linear density of fibers and yarns, defined as the mass in grams per 1000 meters.  
Moisture sorption measurements
Moisture sorption isotherms were measured using a Hiden IGAsorp Moisture Sorption Analyzer[footnoteRef:2]. The instrument monitors change in mass of a specimen exposed to specific conditions of temperature and relative humidity and calculates the equilibrium moisture content. Specimens were prepared by obtaining between 5 and 7 mg of yarn, and loosely separating the yarn section to expose individual filaments with the goal of reducing the impact of capillarity effects on the sorption measurement. Specimens were first dried in the analyzer at ≈ 0 % RH at the intended temperature for that sorption experiment, then the sorption isotherm was generated over a range of 0 % RH to 95 % RH. For the temperatures 25 °C and 43 °C, four replicates were performed, and the average is reported.  For the temperatures 55 °C and 70 °C, due to experimental difficulties, only one measurement was performed.  The standard uncertainties of this technique is approximately 5 % of the measured value. [2:  The full description of the procedures used in this paper requires the identification of certain commercial products and their suppliers. The inclusion of such information should in no way be construed as indicating that such products or suppliers are endorsed by NIST or are recommended by NIST or that they are necessarily the best materials, instruments, software or suppliers for the purposes described.] 

Ageing conditions
Ageing was performed at twelve different conditions: at four different temperatures with three different moisture contents in the yarns. Conditions noted as “dry-desiccator” were generated by putting the yarns inside desiccators, filled with calcium sulphate desiccant, that were placed inside an oven at either 25 °C, 43 °C, 55 °C, or 70 °C.  Conditions noted as “dry oven” were generated by putting the yarns inside an oven at either 25 °C, 43 °C, 55 °C, or 70 °C, but not inside of the desiccator.  Conditions noted as “humid” were generated by putting yarns in humidity chambers controlled to 25 °C, 27 % RH; 43 °C, 41 % RH; 55 °C, 60 % RH; or 70 °C, 76 % RH.  These conditions were selected to result in a 3 % moisture content in the yarn, as determined by moisture sorption studies presented below. All yarns were wound onto smooth plastic spools (all spools were rated to withstand the temperature range used and was confirmed using preliminary experiments) and placed into chambers for ageing experiments. Preliminary testing was performed with a number of different spool substrate materials, including glass, to determine whether any interactions between the aramid yarns and the spool substrate would affect the results.  Findings indicated that there were no discernible differences in the IR spectra of the yarn fibers wound on either the plastic spools or the glass spools, so smooth plastic spools were used.  Chambers were returned to room temperature and humidity prior to conducting extractions of yarns for testing, when applicable, by first reducing the humidity of the chamber to a low humidity (10 % RH to 15 % RH), and then reducing the temperature to 25 °C.  All chambers provided control to ± 1 °C in temperature and ± 5 % RH. Yarns were allowed to equilibrate at laboratory conditions for at least 12 hours prior to testing.
Strength measurements
[bookmark: _Hlk32329098]Yarn test specimens were periodically taken from the spools and the tensile strength and elongation at break were determined. Tensile testing on the three aramid yarns was carried out using a modification of ASTM D2256-02 [31], “Standard Test Method for Tensile Properties of Yarn by the Single-Strand Method,” using a screw-driven universal frame equipped with a 1 kN load cell and pneumatic yarn and cord grips. Strain measurements were taken with a non-contact video extensometer. Black foam cylinders, with a slit halfway through, were placed on the yarn specimens for the video extensometer to track. Grip separation was approximately 7.9 cm and cross head speed was nominally 0.38 mm/s. Each yarn was nominally 40 cm long and was given 64 twists on a custom-designed yarn twisting device. The standard uncertainty in tensile strength and breaking strain are approximately ± 3 %.  Initially, at least 14 specimens were tested at each time and set of conditions for Aramids A and B. This was followed by a more in-depth analysis of Aramid A at 70 °C “dry-desiccator” and “humid” conditions, and Aramid C was also added to the study at the 70 °C “humid” condition. For these more in-depth analyses, 50 specimens were tested for each extraction.
Fourier transform infrared spectroscopy
Fourier Transform Infrared (FTIR) Analysis was performed on unaged and aged samples, using a Bruker Vertex 80 Fourier Transform Infrared Spectrometer, equipped with a Smiths Detection Durascope Attenuated Total Reflectance (ATR) accessory. High purity nitrogen passed through a desiccant cartridge was used as the purge gas. Yarns were mounted on adhesive film fiber cards for analysis.  Pressure was applied to the yarns using the force monitor on the Durascope. FTIR spectra were recorded at a resolution of 4 cm-1 between 4000 cm-1 and 800 cm-1 and averaged over 128 scans. Three different locations on each yarn were analyzed. Standard uncertainties associated with this measurement are typically ± 4 cm-1 in wavenumber and ± 1 % in peak intensity.  All tensile and infrared spectroscopy data associated with this publication is archived as a data publication [32].
Wide Angle X-Ray Scattering
Wide angle X-ray scattering (WAXS) measurements were conducted using a Xenocs Xeuss SAXS/WAXS small angle x-ray scattering system. The instrument was equipped with an X-ray video-rate imager for SAXS analysis with a minimum scattering vector q = 0.0045 Å-1 and a separate X-ray video-rate imager detector for WAXS analysis (up to about 45° 2θ).  All diffractograms were collected at room temperature. The incident beam, diffracted beam and sample chamber were kept under vacuum.  The bundle of aramid fibers was mounted horizontally, perpendicular to the direction of the X-ray beam. Silver behenate was used as a control and each sample was tested in duplicate.  Further details of the same experimental setup are described in a previous paper [33].

RESULTS AND DISCUSSION
Sorption measurements
[bookmark: _Hlk23164611]The previous work with PBO fibers highlighted the importance of exposure to humidity, and revealed that the moisture content of the fiber changed in response to the relative humidity, not absolute moisture content, of the surrounding atmosphere [1, 3].  Moisture sorption isotherms (Figure A2 in the Appendix) were generated for the Aramid A fibers prior to selecting the ageing conditions to identify conditions where the equilibrium moisture content of the fiber was approximately the same. The condition of 3 % moisture content by mass is achieved at the temperatures of 25 °C, 43 °C, 55 °C, and 70 °C at the respective relative humidity of 27 %, 41 %, 60 %, and 76 %, all of which are conditions that can be consistently maintained by the humidity chambers available for this study.  The stoichometry of water molecules adsorbed onto aramid fibers has been previously studied [34–36] and found to be fitted well by the Brunauer-Emmett-Teller (BET) multilayer adsorption model, which extends the Langmuir model to multilayer adsorption [36].  The unique morphology of aramid fibers allows it to develop microvoids within the fiber during processing.  These microvoids may increase the surface area of the fiber available to adsorb water when exposed to humidity [34, 36].  Prior work also indicates that the higher the temperature the less the moisture uptake in aramid fibers, thus providing an explanation for the observation that high relative humidity is required to achieve the same fiber moisture content at higher temperatures [34].  Aramid moisture sorption has been extensively studied as evidenced by [34–39] and will not be discussed further here.

Effect of ageing on tensile strength
The measured strength of aramid yarns depends on the moisture content within the yarn. All yarns were left at mean laboratory conditions of 22 °C 51 % RH (standard deviations from 17701 observations of laboratory conditions are 0.5 °C and 1.4 % RH) overnight to acclimate. However, given the strong sensitivity of aramids to moisture, the moisture content in the fibers during testing may be higher than its equilibrium value.  A description of the sensitivity of aramid yarns to the moisture content is given in the Appendix. 
The mean failure strength and strain to failure for selected conditions are shown in Figures 2, 3 and 4 for Aramids A, B and C, respectively. These conditions were selected to highlight the environments where changes were observed. Results under each type of conditions are shown in Figures A3 and A4 for strength and strain to failure for Aramid A respectively, and Figures A5 and A6 for strength and strain to failure for Aramid B, respectively.  Lines of best fit for the Auerbach and Springer models are included for conditions where material degradation is clearly observed.  The error bars in all figures represent one standard error of the mean (standard deviation divided by the square root of the number of specimens). The data plotted in the figures for Aramid B represent the average measurement value taken from approximately 15 specimens, while the plotted data for Aramid C had measurements from approximately 50 specimens, and Aramid A vary between 15 and 50 specimens. Since the error bars are one standard error, the variation in number of samples is reflected in Figures 2 through 4 in the size of the error bars, as standard error is the standard deviation divided by the square root of the number of specimens. Strain to failure is more variable than strength, as shown from a comparison of the size of the error bars in Figures 2 through 4. Due to the large amount of uncertainty in the strain data, it is difficult to ascertain any trends.  Generally, the strain behavior seems to follow the strength behavior for yarns in which changes with ageing were observed.
For Aramid A, no statistically significant changes are seen in the first 100 days (d) for any of the conditions, as seen in Figure 2 and Figure A3. Statistical significance is measured throughout this work using the Kolmogorov–Smirnov test at the 5 % level. After 100 d, both the “70 °C dry desiccator” and the “70 °C 76 % RH” specimen strengths exhibit a decrease, decreasing respectively to 90 % and 95 % of their initial tensile strength after 280 d. In general, specimens aged in the humid conditions have a lower strength than those aged in the dry oven, which is in turn lower than the strength of materials aged in the desiccator. This is indicative of a sensitivity to moisture, where the strength decreases with increasing moisture content. At the 70 °C conditions, the yarn exposed to the dry oven and the desiccator displayed comparable tensile strengths for the first 100 d, at which time the yarn exposed to the humid condition showed only a slightly lower tensile strength. After the first 100 d, the strength of the yarn exposed to the dry oven drops to approximately 95 % of the initial value, however only 14 specimens were tested at each of these extractions, so this change is not statistically significant. For the yarn exposed to the 70 °C desiccator, the tensile strength remains constant until around 200 d, at which time the strength begins to decrease, while the yarn exposed to the 70 °C humid condition shows a strength decrease at 100 d.
The strain-to-failure values for Aramid A shows similar trends to the tensile strength, but with larger variability. Both of the yarns exposed to the dry conditions (desiccator and dry oven) exhibit a change of less than 5 % during the first 100 d. The hydrolytic conditions show stable strain-to-failure values during the first 100 d. After 100 d, there is some indication of a decrease in failure strain for the yarns exposed to 70 °C 76 % RH and 70 °C desiccator conditions, but the variability is too large at the other conditions to draw any meaningful conclusions. 
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Figure 2 Solid points indicate Aramid A mean failure strength values (σb(t)) on the left, and mean strain to failure values on the right with error bars of one standard error.  The colored lines in the graphs represent the model fits to the data.
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a)						b)
Figure 3 The solid points indicate Aramid B a) mean failure strength values (σb(t)) and b) mean strain to failure values, aged at 70 °C and 76 % RH.  Error bars represent one standard error.  The colored lines represent the model fits to the data.

For the strength of Aramid B, shown in Figure 3a and Figure A5, the specimens maintained at approximately laboratory conditions show no change (25 °C dry oven). If the fiber started with greater than 3 % moisture content, then all the ageing conditions (other than the dry oven condition, depending on lab humidity) will result in a lessening of moisture in the fiber over time. The yarn exposed to the dry desiccator condition seems to reflect this, with the strength after exposure increasing slightly (considering all aged data as a group, there is a statistically significant increase in strength over the initial strength at all four temperatures). The percentage that the strength has increased also increases with higher temperatures, which would drive out moisture faster. The data for yarn exposed at the 25 °C and 43 °C conditions is generally similar, but the yarn exposed at 70 °C exhibits a statistically significantly higher strength as compared to the lower temperatures. This is also the case for the dry oven data, where the yarn exposed to the 25 °C and 43 °C conditions does not change from the initial value (differences are not statistically significant), but the yarn exposed to the 55 °C condition appears to increase in strength as a function of time, and the yarn exposed to the 70 °C dry oven condition increases in strength to approximately that of the yarn exposed to the 70 °C desiccator condition by 200 d of exposure. The final three strength measurements from yarns exposed to both 55°C and 70 °C conditions exhibit a higher strength than yarn exposed to the 25 °C and 43 °C conditions, and this difference was found to be statistically significant.  The strain to failure values for Aramid B can be seen in Figure 3b and in Figure A6. This data generally follows the same trends as the strength response, but with more variability. 
For Aramid C (Figure 4), there is only data for yarn exposed to the 70 °C 76 % RH condition, however, each datum for this condition represents the average of at least 50 samples. The degradation in ultimate tensile strength for Aramid C is similar to that of Aramid B, with 14 % degradation after 365 d for Aramid C as compared with 13 % after 350 d for Aramid B. The strain to failure values are also similar between Aramids B and C. At the longest exposure time of 365 d at 70 °C and 76 % RH, Aramid C is at 86 % of its initial strength and 85 % of its initial strain to failure value.
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a)						b)
Figure 4. Solid points indicate Aramid C a) mean failure strength values (σb(t)) and b) mean strain to failure values, with error bars of one standard error, aged at 70 °C and 76 % RH. The colored lines represent the model fits to the data.
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Figure 5. Mean strength retentions for Aramids A (black circles), B (blue squares) and C (red triangles) aged at 70 °C 76 % RH, with error bars of one standard error

At 70 °C desiccator conditions, the strengths of Aramids B and C did not change and showed no evidence of degradation, while Aramid A only showed signs of degradation after 100 d. In contrast, at the 70 °C 76 % RH condition, all materials degraded, as can be seen in Figure 5. Aramid A degraded the least, followed by Aramid C, and then Aramid B, though an accurate ordering of Aramid B is difficult due to the large amount of variability in Aramid B’s measured strength. This indicates that Aramid A is susceptible to degradation at high temperatures, even without the presence of humidity.  However, Aramid B is only susceptible to degradation at conditions of high temperature and high humidity for the time scales studied.

Models used to describe aramid degradation
Auerbach [12] performed an analysis of the chemical kinetics of aramid degradation in a paper published in 1989.  This work was performed to predict the aramid and nylon lifetimes for use in parachutes, therefore, in addition to temperature and humidity exposure, the yarns were tightly knotted to mimic the folding within parachutes.  Auerbach modelled the degradation of aramid with an empirical second-order rate relationship.  Two primary degradation mechanisms were investigated.  At low humidity, a thermooxidative degradation mechanism dominates.  At high humidity, Auerbach found that a “moisture-induced” mechanism dominated, presumably hydrolysis.  Auerbach’s formula is given in , where σb, Au(t) is the ultimate tensile strength at a given ageing time (t), kAu is a rate constant,  and  is the initial strength.

[bookmark: ZEqnNum793247]									
Springer [24] and co-authors also examined the chemical kinetics of aramid degradation in a paper published in 1998.  In this paper, poly(terephthalamides) were also studied, and the effect of very harsh conditions such as acid, base, and salt solutions were also examined, but only the elevated temperature and humidity exposures will be considered for the purposes of this discussion.  In contrast, Springer and co-authors found that Auerbach’s dual mechanism model was not consistent with their ageing results.  Instead of two separate chemical mechanisms, Springer and co-authors propose a single degradation model with two different processes occurring simultaneously.  The equation for their model is presented in  below, where σb, Sp(t) is the strength at a given ageing time (t), τ1 and τ2 are decay time constants, and a1 and a2 are weighting factors for the relative proportions of the decay processes.  As shown in , these weighting factors must sum to 1.

[bookmark: ZEqnNum242485]						

[bookmark: ZEqnNum111567]											
Springer [24] and co-authors do not attribute these two processes to any specific chemical mechanisms, but postulate that the observed phenomenon may be attributed to the shell/core structure of the fiber, reactions in crystalline regions vs. amorphous regions of the polymer, or differing stress states in the polymer (e.g., slack vs. tight taut tie molecules).
Fractal models are applicable when there are heterogeneities at every scale [40], which has not been shown to be the case for aramid fibers. Aramid fibers are homogeneous when considered at the length scale relevant for these experiments, however a fractal model has been proposed for ageing in cellulose fibers [41]. Using fractal calculus methods, the same second order rate relationship that results in equation  that Auerbach uses becomes:

,									
where kFr is a rate constant, and α is the fractal dimension [40, 41]. 
These three models were fitted to data where there was a clear decrease, as seen in Figures 2 to 4. The parameters for the models were estimated using non-linear least squares fitting on all specimens, as opposed to using the mean values. The values for these parameters at the 70 °C 76 % RH condition are reported in Table 1. For the Auerbach and Springer models [12, 24], the parameters were the same as those estimated from a linearized curve fitting. 
In general, the models do not superimpose and the future predictions from the models vary, particularly for both the strength and strain at the 70 °C dry desiccator condition. The underlying assumptions of these models vary. Auerbach assumed a second order degradation process, Springer assumed two simultaneously occurring decay processes, and the fractal model uses fractal calculus to integrate the same differential equation as Auerbach, assuming the material is fractal in nature. While aramid fibers are not perfectly crystalline, they are homogeneous on the relevant length scales for this investigation. Furthermore, the rate of chain scissions is high enough that the number of scissions can be considered a continuous function over the relevant time scales of this study. These points likely invalidate the assumption of fractal behavior, as evidenced by the fractal dimension being less than one. (A fractal dimension less than one is indicative of a disconnected material [40].) Even so, the fractal model provides the best fit to the strength of Aramid A at the 70 °C dry desiccator condition, and the worst fit to the strain of Aramid A at the same condition. In general, all of the models fit the data about the same, i.e. the fits are approximately the same distance from the data (as measured by the R2 value). R2 values are provided in the Appendix, however the values are low enough that they are not a meaningful method of comparison.  As indicated by the low R2 values, none of these models describe this data very well, providing no proof that degradation is governed by a second order rate process or two decay processes. Due to the poor level of fitting and the difference in predicted results, the models should not be used for extrapolation or interpolation of aramid yarn degradation at these relatively low temperature and relative humidity conditions. 

Table 1. Values of parameters used in the Auerbach and Springer models [12, 24], estimated using non-linear least squares fitting on all specimen data aged at 70 °C, 76 % RH
	 
	initial strength
	Auerbach
	Springer
	Fractal
	linear density

	
	
	kAu
	a1
	

	

	kFr
	α
	

	 
	
	(1/(Gpa d))
	 
	(d)
	(d)
	(1/(Gpa dα))
	 
	(tex)

	Aramid A
	3.28
	7.09E-05
	0.01
	2.30E-01
	6.06E+03
	5.36E-04
	0.63
	93

	Aramid B
	2.50
	2.43E-04
	0.14
	8.36E+01
	1.83E+05
	2.69E-03
	0.56
	167

	Aramid C
	3.24
	2.10E-04
	0.12
	8.31E+01
	1.79E+04
	2.72E-03
	0.51
	56



Predicted reduction in V50 
Using the strength and strain to failure curves of best fit from Section 3.3 for the 70 °C, 76 % RH condition, Figure 6a shows the predicted reduction in V50 according to Cunniff’s equation [27],  , while Figure 6b shows the same for Phoenix-Porwal’s equation [42], . The V50 reduction was calculated using the Cunniff and Phoenix-Porwal equations for the materials properties taken from either of the Auerbach or Springer models.  The ranges shown in Figure 6 are the maximum and minimum predicted reduction from each model and for each material. Aramid A has the smallest reduction in V50 of the three aramids during the time for which data was collected. Aramid B shows a larger V50 reduction in than Aramid A for most models and times of interest. Aramid C has comparable V50 reduction to Aramid B for the first 100 d, after which Aramid C degrades faster. Values for V50 reduction for the longest ageing (approximately 1 year) are given in Table 2.
As discussed above, neither the Auerbach nor Springer model fit the data well, and furthermore the resulting V50 predictions vary greatly, particularly for Aramid C. This again highlights the necessity of performing ageing studies when conditions of interest are not the same.  Unfortunately, extrapolation using these models, which would reduce the scope of such an ageing study, is unreliable.
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a)						b)
Figure 6. Predicted reduction in V50 from the Auerbach and Springer fits according to a) Cunniff’s model [27] (equation ) and b) Phoenix and Porwal’s model [42] (equation )
From the experimental data, Table 2 gives the predicted reduction in V50 for the longest aged data at 70 °C, 76 % RH.

Table 2. Reduction in V50 for specimens aged at 70 °C, 76 % RH aged approximately 1 year.  Standard deviations of at least 40 measurements for Aramid A and Aramid C, and 14 for Aramid B are given in parentheses.
	
	Aramid A

	Aramid B

	Aramid C


	Cunniff
	0.92
	0.91
	0.90

	
	(0.04)
	(0.06)
	(0.04)

	Phoenix and Porwal
	0.90
	0.89
	0.88

	
	(0.04)
	(0.07)
	(0.04)




Molecular Spectroscopy 
ATR-FTIR spectroscopy was performed on the aramid yarns at specified intervals throughout the ageing study to detect changes in the molecular structure that could be attributed to either the expected thermooxidative or hydrolytic mechanisms of degradation.  Representative ATR-FTIR spectra comparing the unaged sample with the most aged condition for each temperature for Aramid A and Aramid B are shown in Figure 7 and 8, respectively.  All spectra shown are the average of three measurements and were normalized to an unchanging peak at 820 cm-1, which is attributed to CH out of plane stretch [1, 43, 44].  FTIR peak assignments for aramid have been extensively studied in the literature [1, 10, 20, 43–48].  Changes to the amide I peak at 1640 cm-1 and the amide II peak at 1513 cm-1, combined with changes in the 3400 cm-1 region are typically expected, as they attribute to changes in -NH and -OH groups due to degradation mechanisms in the material.  However, only minimal changes in these peaks were detected for this study, and no peaks that could be attributed to carboxylic acid formation (which may result from hydrolysis) were detected.  Chatzi, et.al. has previously assigned a peak at 883 cm‑1 to the hydrolysis of PPTA at the fiber surface  due to formation of carboxylate groups [46].  Chatzi, et.al. [46] detected this peak under extreme hydrolytic conditions of boiling in sodium hydroxide solutions, which is harsher than the conditions used in this study.  This peak was not detected in the study conducted herein.  While changes in mechanical properties were detected for aged fibers in this study, especially those exposed to the conditions of 70 °C and 76 % RH, these changes are not reflected in the ATR-FTIR spectra of the aged fibers.  It is possible that the conditions studied here are not aggressive enough to induce damage that can be detected with this method. 
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Figure 7. Aramid A FTIR spectra, unaged and after 50 w exposure to 70 °C and 76 % RH.
[image: ]
Figure 8. Aramid B FTIR spectra, unaged and after 50 w exposure to 70 °C and 76 % RH.

CONCLUSIONS AND FUTURE WORK
The analysis presented herein has shown that aramids are generally very stable and do not readily degrade at any of the conditions studied here, which were previously deemed to be representative of armor use and storage conditions [3].  After 350 d at continuous exposures of 70 °C, 76 % RH, Aramid A, B and C retained approximately 88 %, 87 %, and 86 %, respectively, of their initial ultimate tensile strength, indicating that their long-term performance is about the same. It should be noted, however, that the aramid tensile strength data have a broad distribution and limited degradation, and thus a large number of replicates is necessary to understand the effects of environment on this material for any study.  An analysis of two different analytical models to predict strength degradation was conducted, however neither of the models describe the data well enough to allow for long term extrapolation of future degradation.
Two models (Cunniff and Phoenix-Porwal) were presented herein that relate these mechanical properties to ballistic performance, and both models predicted a decrease in V50 of less than ten percent, under the extreme conditions of 70 °C, 76 % RH for approximately 1 year for all three aramids studied. For comparison, considering a 50 week work-year and a 40 hour work-week, armor could be expected to be worn for 83 d per year for approximately five years (415 d in total) at 37 °C and high relative humidity due to sweat.  The high temperature of the ageing conditions used herein are expected to accelerate any degradation mechanisms.  However, since the molecular spectroscopy did not reveal any significant chemical changes in the material, it is difficult to pinpoint a specific degradation mechanism to explain the observed changes in the tensile strength.  Assuming an Arrhenius relationship, in which the rate of reaction doubles with every 10 °C increase in temperature, degradation might proceed 8x faster at 70 °C than at 37 °C.  These results should give aramid armor users confidence about the longevity of their armor.
Future work can be performed to extend this ageing study and investigate further the applicability of specific analytical degradation models. No significant chemical changes were seen, despite the degradation in strength, so further work can be done to determine the cause of the strength degradation, for example molar mass measurements to determine if there is a decrease in mean chain length indicative of hydrolytic chain scission. 
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Appendix
[image: ]
Figure A1. Transmission of ultraviolet and visible light through a typical armor panel covering, using a uniform high intensity light source known as the NIST SPHERE (Simulated Photodegradation via High Energy Radiant Exposure), which is described in [49]. 
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Figure A2 Equilibrium moisture sorption isotherms of Aramid A at four temperatures, with 3 % moisture content indicated by the solid gray horizontal line.  The 25 °C and 43 °C curves are the average of four replicates, and the error bars represent the standard deviation of the measurements.   Due to experimental difficulties, only one replicate could be measured at each of the 55 °C and 70 °C temperatures, and error bars could not be generated.  
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Figure A3 Aramid A mean failure strength values (σb(t)), with error bars of one standard error.  The colored lines in the graphs of the rightmost column represent the model fits to the data.
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Figure A4 Aramid A mean strain to failure values, with error bars of one standard error.  The colored lines in the graphs of the rightmost column represent the model fits to the data.
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Figure A5 Aramid B mean failure strength values (σb(t)), with error bars of one standard error.  The colored lines in the bottom right graph represent the model fits to the data.
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Figure A6. Aramid B mean strain to failure values, with error bars of one standard error.  
The colored lines in the bottom right graph represent the model fits to the data.

Effects of moisture content on tensile strength
For aramids, tensile strength is dependent on the moisture content. The moisture content, and thus strength, is both dependent on the temperature (lower humidity, higher strength at higher temperatures) and the relative humidity (higher strength at lower humidity).  This helps to explain the Aramid B data, as the strength increases after exposure to dry conditions. This strength increase cannot be simply attributed to random error, as the unaged data consists of 84 specimens, while all other datapoints are only the average of at most 15 specimens. The initial moisture content in Aramid B is unknown, and has changed since this study started, but can be inferred based on the strength results after exposure to varying conditions. The 25 °C dry oven condition (with approximately 50 % RH) keeps the material at approximately the same moisture content, resulting in a constant strength. The desiccators drive out moisture, increasing the strength, as do the dry ovens at the higher temperatures where the relative humidity is less.
In the humid conditions for Aramid B, there is a slight overall strength increase at the 25 °C 27 % RH condition after day 10, implying that the initial moisture content in the fibers was more than 3 %. For the yarn exposed to the 43 °C 41 % RH condition, there are no statistically significant strength changes. The yarn exposed to the 55 °C 60 % RH condition exhibited a higher strength after 7 d exposure, but thereafter the strength is always lower than the initial strength, culminating in a decrease to 93 % of the initial strength after 525 d of exposure. The 70 °C 76 % RH condition shows no initial increase in strength and decreased to 87 % of the initial strength after 350 d. One interpretation of these results for Aramid B is that the initial moisture content of the yarn was greater than 3 %. In conditions where the relative humidity is low there is an initial strength increase, as moisture is driven out. At the high humidity, high temperature conditions this strength increase is counteracted by material degradation, which occurs at a faster rate at higher temperatures and humidity. 
For Aramid B the strain to failure increased for the desiccator conditions, where moisture is being driven out of the fibers. The yarn exposed to the dry oven conditions exhibit a strength increase in the first 100 d for all conditions. The strain response to the hydrolytic conditions shows no change for yarns exposed to the 25 °C and 43 °C conditions, a decrease of less than 10 % at the 55 °C 60 % condition, and a decrease just over 10 % at the 70 °C 76 % condition. This matches the strength decrease seen for this material.

Under all conditions, Aramid B increases in strength less than 110 %, and this strength increase is a function of humidity and temperature. Aramids A and C had fully acclimated (over several years) to laboratory humidity before the ageing study was started, such that any moisture remaining in the yarns from manufacturing had ample time to dissipate before any testing or ageing began. Since Aramids A and C do not show a tensile strength increase while Aramid B does, it is hypothesized that this effect is due to residual moisture remaining in Aramid B from manufacturing, which is supported by the observed increase in ultimate tensile strength (see Figure A5) for the “desiccator” and “dry oven” conditions.  Specimens of Aramid A were placed in the 70 °C desiccator condition for 1 week and 2 weeks and compared using Wide Angle X-Ray Scattering (WAXS) to unaged specimens and the remaining specimen of Aramid A that had been exposed to these conditions at the beginning of the study (in 2012).  No changes in the crystal structure or crystal orientation were detected, as seen in Figures A7 and A8. To further investigate this moisture phenomenon, Aramid A was exposed to 25 °C, 80 % RH for 19 weeks, and immediately tested upon extraction. The ultimate tensile strength decreased slightly from 3.28 GPa to 3.24 GPa, which is statistically significant based on a Kolmogorov–Smirnov test for . 


[image: ]
Figure A7 WAXS spectra for Aramid A
[image: ]
Figure A8 2D WAXS spectra for Aramid A, where a) is the unaged control, b) was aged for 1 week in the 70 °C desiccator in 2019, c) was aged for 2 weeks in the 70 °C desiccator in 2012, and d) was aged for 2 weeks in the 70 °C desiccator in 2019






Table A1 R2 values for model fits
	 
	 
	Auerbach
	Springer
	Fractal

	Aramid A
	strength
	0.19
	0.22
	0.22

	
	strain to failure
	0.08
	0.10
	0.11

	Aramid B
	strength
	0.29
	0.34
	0.32

	
	strain to failure
	0.12
	0.18
	0.17

	Aramid C
	strength
	0.15
	0.25
	0.24

	
	strain to failure
	0.14
	0.16
	0.17
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