ABSTRACT

RAJENDRAN, NILESH. Non-Destructive Characterization of Mechanical and UV Degradation
of Technical Textiles. (Under the direction of Dr. Emiel DenHartog).

This dissertation investigates the key mechanical and UV degradation mechanisms in nylon
6,6 webbings, crucial components in safety-critical applications. The primary goal was to elucidate
these failure mechanisms to establish a foundation for developing non-destructive testing (NDT)
methods to predict residual strength.

Mechanical degradation was evaluated using a Wyzenbeek tester, revealing a logarithmic
decrease in tensile strength with increasing abrasion cycles (R2 = 0.824). An initial rapid strength
loss was followed by a plateau, a behavior attributed to a critical transition in the dominant wear
mechanism. Degradation is initially driven by severe two-body abrasion, but as eroded fiber debris
accumulates, it acts as an interfacial layer, shifting the process to a less aggressive three-body
abrasion. This transition is supported by inconsistent mass loss data reflecting competing fretting
and redeposition processes. Critically, the initial 10% strength loss cannot be attributed solely to
abrasive wear. As the observed temperature rise (1-4°C) was thermally insignificant, findings
suggest an underlying mechanochemical process involving tribo-oxidation is active at the fiber
surface during early wear stages.

Degradation under accelerated xenon-arc UV weathering was also investigated. A key
finding is that significant molecular degradation occurs without corresponding macroscopic
changes. SEM revealed no visible surface cracking, yet FTIR provided clear evidence of chemical
change, detecting an increase in carboxyl groups (-COOH) that confirms UV-initiated hydrolysis.
This chemical degradation caused a significant loss in mechanical integrity, with tensile strength

decreasing by approximately 20% for colored webbings. The degradation rate was highly color-



dependent, with ANOVA confirming a significant interaction between exposure duration and
color, likely influenced by dye chemistry.

As UV degradation produced no observable surface damage beyond color change, the
research focused on developing NDT methods, other than traditional image-based approach, to
predict strength loss. An initial approach using instrumental colorimetry found that color change
can be a strong predictor, but its efficacy is limited to high-chroma webbings such as tan (R2 =
0.889) and navy (R2 = 0.817). In contrast, the predictive models for low-chroma black and white
webbings were unreliable, precluding the development of a universal model based solely on
colorimetry.

To develop a more robust predictive model, the research further explored a multi-technique
approach. A multiple linear regression model (R2 = 0.66) was developed that successfully
predicted tensile strength loss. The model’s significant predictors were all surface-sensitive
properties: the Carbonyl Index (FTIR) and surface crystallinity (XRD). While colorimetry alone
was not a reliable metric, color was included as a significant categorical variable in the model,
confirming its influence on the degradation rate. In contrast, bulk crystallinity (DSC) was found
to be an insignificant predictor. This result definitively shows that the loss of mechanical integrity
is driven by changes occurring on the material's surface, such as chemi-crystallization, rather than
in its bulk.

In conclusion, this body of work demonstrates that the failure of nylon 6,6 webbings is
governed by complex surface-level phenomena, from wear-regime transitions in abrasion to
photochemical changes from UV exposure. While UV degradation pathways were clarified, the
tribochemical aspects of mechanical wear warrant further investigation. This research underscores

the necessity of employing advanced, surface-sensitive techniques over visual inspection to



accurately assess material integrity. It also provides a critical foundation for engineering more

durable textiles and developing reliable NDT protocols for safety-critical equipment.
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CHAPTER 1
Introduction

Textiles are often misconstrued and boxed into a single category, Fashion. However, the
versatility of textile products and processes allows them to be used in various end uses other than
fashion. Technical Textiles are textile products with performance as their one primary goal [1].
Technical Textiles products can range from automotive textiles such as tire cords and oil filters to
more critical end use like medical textiles such as vascular grafts and cell scaffolds. Hence the
performance of these textile products is very critical and is prioritized over aesthetics. Many of the
technical textile products such as geotextiles, automotive textiles and military textiles are used
outdoors and should be able to withstand both environmental and physical conditions during their
service life [1], [2]. The changes in the physical and mechanical properties of the textile products
are termed “wear and tear” in the industry. Mechanical degradation of technical textiles can be
defined as the wear and tear of the textile products during their service life due to
physical/mechanical phenomenon. Mechanical degradation can be caused by applying force
through physical action on the textiles like abrasion, extension, and compression. Another
important cause of degradation in textiles is environmental degradation and is termed as
weathering. It can be caused by UV, temperature, moisture, and combinations of all three.
Exposure to ultraviolet radiation (UV) is one of the major contributors to the wear and tear of
technical textiles in weathering. UV radiation causes photooxidative degradation which results in
breaking of polymer chains, production of free radicals, and decrease in molecular weight. This
often leads to significant reduction in mechanical properties of the technical textiles, and

eventually performance failure after an unpredictable time [3], [4].



Nylons are among the most important and widely manufactured polymers in the world,
used in applications ranging from automotive parts and electronics to high-performance textiles
[5]. It falls under a class of polymers called polyamides, however today the term “nylon”, as coined
by DuPont in 1928, is now synonymous to all kinds of polyamides [6]. The two most common
types of polyamides are nylon 6,6 and nylon 6, although they share similar properties, they are
very different in their synthetization processes. The commercialization of nylon in 1940
represented a turning point for the polymer industry, driving unprecedented innovation and
widespread consumer adoption of synthetic materials. Soon it started appearing in lightweight
parachutes replacing silk and in waterproof tents during the Second World War. Since then, nylon
has been used in many critical and non-critical military applications from payload harnesses to
parachute straps and from tents to uniforms. These products should be able to endure high tensions
under extreme weather and UV conditions.

Military textiles often undergo stringent testing protocols prior to their deployment. There
has always been a drive to increase the shelf life and service life of military textiles. Failure of any
military textile component can lead to catastrophic results. Therefore, extending the useful life of
military textiles would reduce the use of resources, logistical support requirements, provide greater
flexibility in training and most importantly save lives [7], [8]. However, there is no reliable testing
to determine the serviceability of these components in real time. A complete engineering test of
military textiles would require the use of destructive testing (e.g., tensile tests, abrasion test etc.)
to determine the serviceability. This is not feasible in the military owing to wastage of resources
and lack of heavy testing equipment to perform such tests. Hence there is an inherent need to
develop a non-destructive test method that could be used to determine the serviceability of military

textiles at any time [7], [8].



1.1 Research Terminologies and Background Knowledge
1.1.1 Nylon:

Nylon is the first man-made synthetic fiber [9]. Developed by Wallace Corothers at DuPont
in 1928 and was first introduced in 1938 as stockings to the market. Soon during the onset of World
War II, it was used to replace silk in parachutes and to make waterproof tents among other things.
The word “nylon” is derived from amalgamation of New York (NY) and London (LON), a clever
marketing strategy to signify that one pound of nylon can be converted to length equal to the
distance between the two major metropolitan cities of the world [6].

There are two types of nylons, i.e. nylon XY, and nylon Z, classified by their
polymerization techniques. Nylon XY type is produced by the reaction between diamines and
diacids through condensation reaction, the X refers to the number of carbon atoms in the diamine
monomer and Y represents the number of carbon atoms in diacid monomer [6], [10]. Examples of
Nylon XY include nylon 6,6, nylon 4,6, nylon 6,12 etc. Figure 1 illustrates the polymerization of

nylon 66 through condensation polymerization.
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Figure 1: Formation of Nylon 66 through condensation polymerization.



Nylon Z types are produced when amino acid reacts with itself through ring opening or
condensation polymerization, Z refers to the number of carbon atoms in the amino acid monomer
[6], [10], [11]. Examples of nylon X include nylon 6, nylon 10, nylon 12 etc. Figure 2 shows the

polymerization reaction to produce nylon Z.

H
O
N O
H N\/\/\)J\
— > OH
caprolactam Amino Caprioc acid

@ ®

)
|

C——(CHy)s—NH

Nylon-6
Figure 2: Formation of Nylon 6 through (a) ring-opening and (b) condensation polymerization.

Nylon 6,6 and nylon 6 are the two most popular nylon fibers used and sometimes
interchangeably due to their comparable mechanical properties. The properties of Nylon 6,6 and

nylon 6 are summarized in Table 1 below.



Table 1: Properties of Nylon 6 and Nylon 6,6

Parameter Nylon 6 Nylon 6,6
Density (g/cm?) [12] 1.12-1.15 1.13-1.15
Tensile Strength (cN/tex) [13], [14] 45-90 55-90
Elongation at Breal (%) [13] 15-40 15-30
Melting Point (°C) [15], [16] 215-1225 2551265
Degree of Crystallinity (%) [6], [17], [18] 24 - 67 40-70
Moisture Regain (%) [19] 5-9 4-7
Chemical Resistance to acids [14], [20] Poor Good

UV Resistance [21], [22] Poor Good

Nylon 6 and 6,6 are used in many applications owing to their good elastic recovery, low
initial modulus, excellent abrasion resistance and high resistance to rupture. The processing
parameters can be changed to produce oriented and high tensile fibers. These fibers are used
extensively in both fashion and technical sectors. Although similar in most regards, there is a
significant difference in their thermal and chemical properties owing to their chemical structures.
Nylon 6 tends to absorb more moisture in the air, i.e. water vapor, than nylon 6,6 and this leads to
faster degradation through hydrolysis and is also less crystalline in nature. In technical textiles,
nylon 6,6 fibers are the most widely used polyamide. Nylon 6,6 provides superior thermal and
chemical properties that make it desirable to be used in high performance textile applications. In
military textiles, nylon 6,6 can be found in uniforms, waterproof tents, payload tiedowns, harnesses

and parachute canopies [6], [10], [23]. Other non-critical military applications may see the addition

of nylon 6 in them.




1.1.2 Degradation:

Degradation is the phenomena of breaking down or deterioration of materials into its basic
components during its useful life [24], [25], [26]. The major causes of degradation include
mechanical degradation (abrasion and extension), environmental degradation (weathering, UV,
temperature, and moisture), chemical degradation (acids, solvents, and alkalis), laundering and
processing [24], [25], [26].

1.1.3 Mechanical Degradation:

Mechanical degradation is the degradation of materials, caused due to force applied though
physical or mechanical phenomena. This includes abrasion due to friction between the textile and
external abradants and friction between textile on textile. Mechanical degradation can also be
caused due to tensile, compressional, and torsional forces in technical textiles [26].

1.1.4 Abrasion:

Abrasion is the removal of material from one solid surface by the action of another solid
surface. In textiles it is driven by friction between textiles’ and the abradant’s surface, resulting in
textile material removal. This is also often called wear. Often abrasion can proceed for some time
before any visible damage is observed.

1.1.5 Weathering:

Weathering or natural weathering is the changes in chemical and physical properties caused
by sunlight, heat, moisture, pollutants, and a combination thereof [27], [28], [29]. Various
components, highlighted in Figure 3, of the polymers also interact with the weathering factors and
can induce chemical changes in the polymer backbone. Polymers undergo changes in their

chemical structure resulting in chain scission, oxidation, discoloration, erosion, surface



roughening, cracking, embrittlement, etc. These chemical changes lead to degradation of physical
properties in most cases [27], [28], [29].
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Figure 3: Components of polymer and influencing weather factors [27]

1.1.6 Electromagnetic Radiation:

The electromagnetic spectrum is the range of all different types of electromagnetic
radiation. They are categorized into radio, microwave, infrared, visible, UV, X-ray and gamma-

ray radiation based on their frequency and wavelength as seen in figure 4 below [30], [31].
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Figure 4: Electromagnetic spectrum categorized by wavelength [31]



Sunlight is made up of visible light (400—700 nm), infrared (7004000 nm), and UV
radiation (10400 nm). UV radiation makes up only 3% of the solar radiation that reaches the
earth, however its high energy can cause significant chemical changes. UV radiation can excite
chemical chains and can lead to breaking of polymer backbones (chain scission), in the presence
of oxygen it causes oxidation and in the presence of water or humidity it can cause hydrolysis of
polymers. UV range between 290-400 nm wavelengths causes significant damage to polymers
[21], [27], [29]. The ozone and oxygen in the atmosphere absorb most UV radiation shorter than
295 nm as supported by the solar spectrum in Figure 5. The different regions of UV radiation are

highlighted in Table 2.
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Table 2: Regions of UV Degradation [21]
UV Radiation | Wavelength

UV-A 315 -400 nm UV-A is always present in sunlight. The lower
wavelength 315 nm can cause significant changes to

polymer chains

UV-B 290 — 315 nm Includes the shortest wavelengths found at the earth's

surface; responsible for severe polymer damage.

UV-C 100 — 290nm UV-C is completely absorbed by ozone and can only

be found in outer space

1.1.7 UV Degradation:

UV degradation is the degradation caused primarily due to UV radiation. UV radiation
causes photooxidative degradation in polymers which results in breaking of the polymer chains,
produces free radical and reduces the molecular weight, causing deterioration of mechanical
properties and physical properties [4], [27], [28], [29]. UV radiation can also act as an initiator for
natural weathering due to moisture and heat. However, each wavelength does not affect the
polymers equally owing to the differing polymers having different bond energies [32]. Hence it is
critical to match the sunlight spectrum when developing a UV exposure test.

1.1.8 UV Spectral Irradiance:

UV spectral irradiance is the basic characterization of UV radiation. Irradiance is the rate
at which light energy falls on a unit area of surface, it is measured in watts per square meter (W/m?).
Spectral irradiance on the other hand is the distribution of irradiance, with respect to wavelength,
it is measured in watts per square meter (W/m?/nm). In figure 5, irradiance is measured at each 1

nm wavelength band throughout the wavelength region from UV-B to infrared (IR). The resulting



Spectral Power Distribution (SPD) curves are plotted as graphs of irradiance versus wavelength.
It provides information on the amount of solar radiation that reaches earth’s surface and can help
replicate the sunlight spectrum.

1.1.9 Moisture:

Moisture observed in the form of dew, humidity and rain are not necessarily destructive.
However, moisture and water can allow the polymers to react with oxygen in them, thus promoting
oxidation and hydrolysis [21], [29], [33]. Humidity allows polymers to absorb water, and it has
been observed that with increase in humidity the degradation due to UV radiation increases [33].
In general, potential for oxidation or hydrolysis is high with increasing dew factors and humidity.
This, when coupled with high moisture-regain properties of the polymer can lead to significant
degradation in them.

1.1.10 Temperature:

The infrared (often observed as heat/temperature) portion of sunlight accelerates chemical
reactions and other processes that can lead to polymer degradation. In the continental United
States, weathering conditions are several times more severe in summer than in winter. This is
partly due to the increase in the amount of UV light that penetrates the atmosphere and reaches the
ground in the summer and partly due to higher temperatures [21]. The common “rule of thumb”
states with a 10°C temperature increase the rate of reaction is doubled [21], [27], [28], [29], [33],
[34].

1.2. Research Goal

The objective of this dissertation is to develop a non-destructive testing (NDT) method to

assess the mechanical properties of nylon 6,6-based technical textiles intended for critical, high-

performance applications like safety harnesses. To achieve this, the research investigates the
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primary degradation mechanisms these harnesses are subjected to during their service life, with a
specific focus on mechanical abrasion and UV weathering. Because traditional image analysis
alone is insufficient to fully capture these complex degradation processes, this study also employs
chemical analytical techniques. The ultimate goal is to develop a predictive model that correlates
the degradation behavior with the harness's mechanical properties.
1.3. Research Questions

This dissertation addresses key gaps in the literature by investigating the following central
question:
“How can chemical and crystallographic characterization methods be used to develop a non-
destructive model for predicting the residual tensile strength of nylon 6,6 technical textiles

degraded by mechanical abrasion and UV weathering?”

The central research question is addressed through the following two main sub-questions,
each designed to map the degradation mechanisms required to provide a comprehensive answer,
1. What are the primary modes and characteristics of mechanical degradation in nylon 6,6
technical textiles, particularly during the initial stages of abrasive wear?
a. What are the primary modes of mechanical degradation due to abrasive wear in
technical textiles?
b. How does low-cycle abrasion alter the surface chemistry and morphology of
the textile fibers?
c. What is the quantitative correlation between these surface-level changes and

the loss of bulk tensile strength?
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2. How can changes in the tensile properties of nylon 6,6 technical textiles resulting from
environmental degradation be quantified without reliance on destructive tensile
testing?

a. What are the characteristic chemical changes that occur during the accelerated
UV weathering of nylon 6,6?

b. To what extent does a visible change, such as color fading, correlate with the
reduction in mechanical integrity in UV-exposed safety harnesses?

c. How can data from spectroscopic, crystallographic (XRD), and thermal (DSC)
analyses be integrated to develop a predictive model for the residual tensile
strength of degraded nylon 6,6 textiles?

1.4. Research Approach

To successfully answer the research questions, a thorough understanding of polymer
degradation and its associated chemical changes is crucial.

First, to investigate mechanical degradation from abrasive wear, the safety harnesses are
tested according to ASTM D4157 on an oscillatory cylinder abrasion tester (Wyzenbeek Tester),
using P60 sandpaper as the abradant. This method subjects the harnesses to severe wear, allowing
for an evaluation of their durability. The degradation mechanisms are mapped by analyzing
changes in the harnesses' thickness, surface temperature, and polymer structure.

Furthermore, to evaluate UV degradation, the harnesses are exposed to accelerated
weathering under high irradiance, simulating Arizona conditions, per a modified ASTM D2565

standard. Following exposure, the harnesses are evaluated for key chemical and physical changes.
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Finally, the harnesses are evaluated for their tensile properties, following which a
comprehensive multiple regression model is developed to predict the residual tensile strength of
the harnesses based on the data gathered from these degradation studies.

1.4.1 Materials

In technical textiles, the polymer material is equally as important as fabric construction.
Nylon 6,6 is the most used polymer for military textiles for critical applications due to its desirable
mechanical and abrasion resistant properties especially for webbings. Hence to standardize the
study, four different colors (white, navy, black, and tan) of high strength nylon 6,6 narrow woven
webbings will be used to achieve the central goal. The selected webbings comply with the

following requirements listed in Table 3 as per the military specification MIL-DTL-4088 [35].
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Table 3. MIL-DTL-4088 Specifications [35]

Classification Class 1 — Critical use
Type VII

Polymer Nylon 6, 6

Weave Design Double Plain Weave
Fabric Finish or Treatment None - Untreated
Linear Density before dyeing — Warp, Binder 840

& Fill (den)

# of filaments — Warp, Binder & Fill 140

Twist (twist per inch) 2.5

Ply — Warp & Fill 2

Ply — Binder 1

Width (in) 1.71 £0.06
Thickness (in) 0.06 -0.10
Maximum Linear Weight (0z/yd) 2.35

Minimum Breaking Strength (1bs) 6000

# of ends in warp — Face and Back 229

# of ends in warp — Binder 27

Minimum Picks per inch 26

1.5. Thesis Layout

The dissertation is structured into 7 comprehensive chapters as follows:

Chapter 1 provides the readers with key background information and terminologies,
research goal, research questions, and the scientific approach. This allows a clear understanding
of the significance and the scope of the research undertaking to achieve the central goal.

Chapter 2 presents the literature review of degradation mechanisms of mechanical and UV

degradation, state of the art on evaluation techniques available and used into understanding of the
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different degradation pathways. This clearly states the existing research gaps and equips readers
with basic theory and hypothesis to address these gaps to answer the central goal.

Chapter 3 explores the degradation mechanism present at the initial states of mechanical
degradation due to abrasive wear. This presents the readers to the challenges of mechanical wear
characterization and the feasibility of chemical analytical techniques in predicting residual strength
of harnesses.

Chapter 4 examines the chemical and morphological changes to the nylon 6,6 polymer that
accompanies UV degradation to map the different degradation pathways and formulate a
hypothesis for a prediction model. The chapter presented is the author’s work accepted to be
published in the Journal of Polymer Research.

Chapter 5 investigates the development of universal model based on colorimetry using two
different, yet widely accepted color determination formulae created by the International
Commission on [llumination (CIE). The chapter evaluates different colorimetric factors to be used
as areliable NDT to predict residual strength. The chapter presented is the author’s work currently
under peer review for publication in MDPI Textiles.

Chapter 6 investigates the feasibility of development of a multiple regression model using
spectroscopic, crystallographic (XRD), and thermal (DSC) analyses to predict residual strength.
The chapter further explores the degradation mechanism and postulates the most important
degradation pathway that has the biggest impact on the changes in mechanical properties of the
webbings. The chapter presented is the author’s work currently under sponsor review and is in the

submission process for publication in the Journal of Polymer Degradation and Stability.
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Chapter 7 presents the readers with key summary and takeaway of the research findings
and highlights the avenues to be considered for future explorations for the development/refinement

of the prediction model.

16



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

S. Maity, K. Singha, and P. Pandit, “Introduction to functional and technical textiles,” 2023,
doi: 10.1016/B978-0-323-91593-9.00021-3.

R. Paul, “High performance technical textiles: An overview,” High Performance Technical
Textiles, pp. 1-10, Jan. 2019, doi: 10.1002/9781119325062.CH1.

M. Moezzi and M. Ghane, “The effect of UV degradation on toughness of nylon
66/polyester woven fabrics,” The Journal of The Textile Institute, vol. 104, no. 12, pp. 1277—
1283, Dec. 2013, doi: 10.1080/00405000.2013.796629.

E. Yousifand R. Haddad, “Photodegradation and photostabilization of polymers, especially
polystyrene: review,” Springerplus, vol. 2, no. 1, 2013, doi: 10.1186/2193-1801-2-398.

A. McNeeley and Y. A. Liu, “Assessment of Nylon-66 Depolymerization for Circular
Economy: Kinetic Modeling, Purification, and Sustainable Design,” Ind Eng Chem Res,
vol. 64, no. 8, pp. 4179-4203, Feb. 2025, doi: 10.1021/ACS.IECR.4C04411.

B. L. Deopura, “Polyamide fibers,” Polyesters and Polyamides, pp. 41-61, Jan. 2008, doi:
10.1533/9781845694609.1.41.

G. A. George and M. M. Browne, Non-destructive Evaluation of the Degredation of Nylon
6, 6 Parachute Materials. Materials Research Laboratories, 1977.

R. A. Segars and A. N. R. D. A. N. D. E. C. MA, “The Degradation of Parachutes: Age and
Mechanical Wear,” US ARMY-Natick Research, Development and Engineering Center,
1992.

S. Adanur, “Wellington sears handbook of industrial textiles,” Wellington Sears Handbook

of Industrial Textiles, pp. 1-834, Jan. 2017, doi: 10.1201/9780203733905.

17



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

S. Adanur, “Polymers and Fibers,” Wellington Sears Handbook of Industrial Textiles, pp.
29-54, Sep. 2018, doi: 10.1201/9780203733905-2/POLYMERS-FIBERS-SABIT-
ADANUR.

R. Truman, “Nylon-eating bacteria - part 1 - discovery and significance , J. of Creation
29(1):95-102, 2015.,” Dec. 2020.

T. Zaharescu, L. G. A. Silva, S. Jipa, and W. Kappel, “Post-irradiation thermal degradation
of PA6 and PA6,6,” Radiation Physics and Chemistry, vol. 79, no. 3, pp. 388391, Mar.
2010, doi: 10.1016/J.RADPHYSCHEM.2009.08.041.

S. K. Mukhopadhyay, “Manufacturing, properties and tensile failure of nylon fibres,”
Handbook of Tensile Properties of Textile and Technical Fibres, pp. 197-222, Jan. 2009,
doi: 10.1533/9781845696801.2.197.

X.-C. HU and H. H. YANG, “Polyamide and Polyester Fibers,” Comprehensive Composite
Materials, pp. 327-344, Jan. 2000, doi: 10.1016/B0-08-042993-9/00060-7.

J. L. White and K.-J. Kim, “Overview and Compound Ingredients,” Thermoplastic and
Rubber Compounds, pp. 1-71, Jan. 2008, doi: 10.3139/9783446418561.001.

S. Sun, Y. He, X. Wang, and D. Wu, “Facile preparation of nylon 6 nanocomposites based
on clay reinforcement and core-shell latex toughening: Morphology, properties, and impact
fracture behavior,” J Appl Polym Sci, vol. 121, no. 1, pp. 541-553, Jul. 2011, doi:
10.1002/APP.33662.

F. Navarro-Pardo et al., “Effects on the Thermo-Mechanical and Crystallinity Properties of
Nylon 6,6 Electrospun Fibres Reinforced with One Dimensional (1D) and Two
Dimensional (2D) Carbon,” Materials, vol. 6, no. 8, p. 3494, 2013, doi:

10.3390/MA6083494.

18



[18]

[19]

[20]

[21]

[22]

[23]

[24]

A. Anstey, A. Codou, M. Misra, and A. K. Mohanty, “Novel Compatibilized Nylon-Based
Ternary Blends with Polypropylene and Poly(lactic acid): Fractionated Crystallization
Phenomena and Mechanical Performance,” ACS Omega, vol. 3, no. 3, pp. 2845-2854, Mar.
2018, doi: 10.1021/ACSOMEGA.7B01569.

N. Yildiz Varan, “The effects of chitosan antimicrobial treatments on the physical and
mechanical properties and wear performances of highly elastic fabrics used for burn scar
management,” Journal of the Textile Institute, vol. 109, no. 1, pp. 3945, Jan. 2018, doi:
10.1080/00405000.2017.1322477.

M. Poojari, A. Kamarthi, K. K. Shetty, A. P. Sanil, and K. V. Palan, “Design and analysis
of the wheel hub for an all- terrain vehicle with the plastic polymer: Nylon- 6,6,” Journal
of Mechanical Engineering Research and Developments, vol. 42, no. 5, pp. 119-123, 2019,
doi: 10.26480/JMERD.05.2019.119.123.

L. K. Massey, The Effects of UV Light and Weather on Plastics and Elastomers, Second
Edition. William Andrew Publishing, 2007. Accessed: Feb. 22, 2024. [Online]. Available:
https://doi.org/10.1016/B978-081551525-8.50003-8

L. K. Massey, “Nylon 6,” The Effects of UV Light and Weather on Plastics and Elastomers,
pp. 117-125, 2007, doi: 10.1016/B978-081551525-8.50024-5.

S. Adanur, “Military and Defense Textiles,” Wellington Sears Handbook of Industrial
Textiles, pp. 356-378, Sep. 2018, doi: 10.1201/9780203733905-11/MILITARY-
DEFENSE-TEXTILES-SABIT-ADANUR.

M. J. Smith and K. Thompson, “Forensic Analysis of Textile Degradation and Natural
Damage,” Forensic Textile Science, pp. 41-69, Jan. 2017, doi: 10.1016/B978-0-08-101872-

9.00004-2.

19



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

K. Slater, “7—THE PROGRESSIVE DETERIORATION OF TEXTILE MATERIALS
PART I: CHARACTERISTICS OF DEGRADATION,” Journal of the Textile Institute, vol.
77, no. 2, pp. 76-87, 1986, doi: 10.1080/00405008608658396.

A. W. Smith, “An introduction to textile materials: Their structure properties and
deterioration,” Society of Archivists (Great Britain). Journal of the Society of Archivists,
vol. 20,  no. I, pp. 25-39,  Apr. 1999, [Online]. Available:
https://proxying.lib.ncsu.edu/index.php/login?url=https://www.proquest.com/scholarly-
journals/introduction-textile-materials-their-structure/docview/219286297/se-
2?accountid=12725

D. Kockott, “Natural and artificial weathering of polymers,” Polym Degrad Stab, vol. 25,
no. 24, pp. 181-208, Jan. 1989, doi: 10.1016/S0141-3910(89)81007-9.

J. E. Pickett, “Weathering of Plastics,” 2018, doi: 10.1016/B978-0-323-52472-8.00008-3.
J. E. Pickett, “Introduction to polymer weathering, stabilization, and testing,” Service Life
Prediction of Polymers and Coatings: Enhanced Methods, pp. 1-18, Jan. 2020, doi:
10.1016/B978-0-12-818367-0.00001-1.

“Electromagnetic Spectrum - Introduction.” Accessed: Apr. 20, 2024. [Online]. Available:
https://imagine.gsfc.nasa.gov/science/toolbox/emspectrum1.html

“What is ultraviolet radiation? - Canada.ca.” Accessed: Apr. 20, 2024. [Online]. Available:
https://www.canada.ca/en/health-canada/services/sun-safety/what-is-ultraviolet-
radiation.html

A. L. Andrady, “Wavelength Sensitivity in Polymer Photodegradation,” Advances in

Polymer Science, vol. 128, pp. 46-94, 1997, doi: 10.1007/3-540-61218-1_6/COVER.

20



[33]

[34]

[35]

A. Copinet, C. Bertrand, S. Govindin, V. Coma, and Y. Couturier, “Effects of ultraviolet
light (315 nm), temperature and relative humidity on the degradation of polylactic acid
plastic films”, doi: 10.1016/j.chemosphere.2003.11.038.

K. Slater, “7-THE PROGRESSIVE DETERIORATION OF TEXTILE MATERIALS
PART I: CHARACTERISTICS OF DEGRADATION,” Journal of the Textile Institute, vol.
77, no. 2, pp. 76-87, 1986, doi: 10.1080/00405008608658396.

The Defense Logistics Agency, MIL-DTL-4088 - Webbing, Textile, Woven Nylon. USA:

https://quicksearch.dla.mil/gsDocDetails.aspx?ident number=4934, 2021.

21



CHAPTER 2
Literature Review

Military textiles are a class of technical textiles used in critical applications during military
operations. A broad range of these products are employed in military equipment, including tents,
tactical shelters, tarpaulins, vehicle covers, equipment webbings, and parachutes [1], [2], [3], [4].
One life-critical application is in payload logistics and personnel deployment, which relies on
airdrop equipment, safety harnesses, and parachutes. The failure of these textiles during service
can lead to catastrophic loss of resources and lives.

A critical component of these systems is the harness used to secure payloads and personnel
[5]. These harnesses must possess high tensile strength, be lightweight, and withstand extreme
temperatures and weather conditions [1], [2], [5]. They are typically constructed from flat strips of
narrow woven fabric called webbings, which are made from high-performance thermoplastic
polymers. The rectangular cross-section of a webbing provides a high strength-to-thickness ratio
while distributing loads evenly [4]. This flat geometry also allows the webbing to be fitted easily
into buckles, making it ideal for use in harnesses. However, to develop a comprehensive tensile
prediction model for these materials, it is essential to first understand the degradation mechanisms
that webbings are subjected to during their service life.

The development of such innovative polymers began with the foundational ideas of
Hermann Staudinger, which catalyzed significant technological advancements [6]. Among the
various classes of polymers, thermoplastics account for a large share of production due to their
excellent processability. Their ability to be melted and reformed allows for the continuous and
efficient production of fine filaments used in textiles [7], [8]. Thermoplastics display several

advantages over other materials; physically, they offer high impact resistance, low weight, and
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thermal and electrical insulation. Chemically, they withstand exposure to a variety of fluids
common in engineering applications [9].
2.1. Degradation

Degradation refers to a complex process by which a polymeric material exposed to the
environment and workload loses its original properties [10]. In most cases, degradation of a
material involves fragmentation of the long polymer chains that the material is made of, into
various sizes and structures through a process called cleaving [11]. If the polymers are broken
down to individual monomers during cleaving it is referred to as depolymerization. The changes
in the polymer structure have a direct correlation to the changes in the mechanical properties of
the material itself.

Degradation induced by physical and mechanical forces is called mechanical degradation.
Environmental factors such as temperature, moisture and UV also induce degradation in polymers,
this is called environmental degradation. Biological materials also play an important role in
degradation of textiles, this is called biological attack. Degradation due to acids and alkalis are
classified as chemical degradation. Figure 1 below highlights the relationship between
polymerization, depolymerization and degradation.

hv, O,, chemicals, strain, heat ..

depolymerization d : : :

i egradation, aging, corrosion :

monomer(s) = = Polymer "_ % > m:')c()t:lzitcs)f
(co)polymerization irreversible process P

Figure 1: Relationship between polymerization, depolymerization and degradation [11].
The two main degradations focused on in this study are mechanical and environmental

degradation.
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2.1.1 Mechanical Degradation

Military textiles come in contact with many external materials and environmental
conditions. Interactions between different terrains, fabrics and other surfaces can cause material
loss during their service life. The progressing material loss due to friction is called wear. The
economic impact of wear is very high due to the high annual expenditure to replace and repair of
worn textiles by the industry and the consumers [12]. Wear is an umbrella term to discuss loss of
material through any means. Wear of polymers can be classified into cohesive and interfacial wear.
The cohesive wear encompasses mechanisms that include the dissipation of frictional energy and
subsequent damage occurring in relatively extensive volumes at the interface. Abrasion and fatigue
fall under this category. Cohesive wear mechanisms are controlled by the cohesive strength or
toughness of polymers. Interfacial wear involves the dissipation of frictional work in much thinner
regions and at greater energy densities. This type of wear mechanism includes chemical and
transfer wear [13]. Abrasion wear involves the process of plowing and cutting of softer material
due to contact with harder material. As a result, abrasion occurs across numerous applications,
even though certain materials may not be intended to endure such mechanical interactions. [12],
[13]. This review seeks to understand the mechanisms of abrasive wear in textile fabric structures
contributing to significant loss in tensile strength.

Abrasion or abrasive wear refers to material removal by plowing and cutting of softer

material due to contact with harder material as illustrated in Figure 2.
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Surface 1

Figure 2: Abrasion wear between surface interfaces [14]

Surface 1

Abrasive wear is typically categorized based on the nature of contact and the surrounding
environment. There are two primary mechanisms of abrasive wear: two-body and three-body
abrasive wear. In two-body wear, material removal from the opposing surface is facilitated by the
hard asperities. This can be likened to a cutting or plowing action where material is displaced. On
the other hand, three-body wear occurs when particles are unconstrained, allowing them to freely
roll and slide along a surface [12], [13], [14], [15], [16]. The damage is caused by hard particles,
which can be external particles or trapped wear debris particles, between the two surfaces in
dynamic contact [14]. Figure 3 illustrates two body abrasion and three body abrasion [14]. During
three-body abrasion, particles may rotate, and the damage to the surface is generally smaller than
that caused by two-body abrasion [16]. Since the particles move and rotate, it can also lead to

damage to both surfaces.

q

(a) G (b) -

Figure 3: Abrasive wear modes (a) two body abrasion (b) three body abrasion [14]
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Abrasion under fixed normal stress, can be divided into three different stages: primary
stage during which surfaces adapt to each other and the abrasion rate might vary between high and
low, steady stage when the abrasion rate is constant and tertiary stage when the deterioration is
rapid. The first stage is often a result of plastic deformation if polymer is in glassy state or
viscoelastic if the polymer is at temperature above glass transition (Tg). The stead state is caused
by the lateral motion causing changes in the roughness profile though plastic and viscoelastic
response and as the motion continues, material removal takes place hence the rapid deterioration
in the tertiary stage [12], [13], [14], [15], [16]. During the steady state, the abrasion rate and mass
loss might hit a plateau due to filling of the rough asperities of the abradant [14], [17], [18].

When translated to yarns, the same phenomenon can be observed in terms of abrasion
mechanisms. In a study by Sheng et al., crack propagation was used to study the abrasion
mechanics on ultrahigh molecular weight polyethylene fiber yarns on a novel test setup [19]. The
crack propagation of yarn-on-yarn abrasion followed similar stages to abrasion mechanisms as
seen in Figure 4. The initial stage the viscoelastic nature of the initial abrasion led to significant
increases in crack formation (length, width, and density) however it reduced and hit a steady state
between 1000 — 1500 cycles however abrasion mechanisms continue before it increases
exponentially after 1500 cycles. This is attributed to the interaction between the surface crack

propagation and longitudinal splitting [19].
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Figure 4: Transverse crack propagation and longitudinal fibrillation during yarn-on-yarn abrasion:

(a) 0 cycle, (b) 500 cycles, (c) 1000 cycles, (d) 1500 cycles, (e) 2000 cycles, (f) fracture, (g) crack

density, (h) crack length, and (i) crack width [19]

There has been some, but limited, research on the abrasion mechanics of fabrics. In a study

by Abdullah et al., abrasion mechanics was studied on Tencel 3/1 twill fabric using a Martindale

abrader [20]. The researchers found that abrasion wear takes place primarily on the stress bearing

yarns on the surface, in their case the warp yarns. It was also observed that at failure (rupture of

one or two yarns) only warp yarns were broken, and the filling was left untouched, mostly owing
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to the fabric design. The yarns were observed to break at the interlacement point of the weave as

seen in Figure 5 below.

EHT= 10.0 KV
100 pm

Figure 5: SEM image of Tencel fabric abraded against standard worsted fabric [20]

In another study by Wang et al. on nonwovens, provide a clearer picture of abrasion
mechanics on fibers [21]. An advantage of nonwovens is the absence of yarns in the study of
abrasion, unlike traditional weaves and knits, this effectively removes hairiness out of
consideration. The goal of the study was to understand pilling, a product of abrasion, in
nonwovens. The study was able to show fracture propagated in 4 distinct areas, namely between
bond sites, at bond sites, pull of unbonded fibers and detachment from bond sites. The study

showed that the abrasion wear begins at high stress points i.e. bond site which is similar to the
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study by Abdullah et al., on traditional weaves where the break was found at interlacement points
[20], [21].

These studies show that properties of polymers, yarn and fabrics all play a major role in
improving abrasion resistance of technical textiles. They are summarized in table 1 below.

Table 1: Requirements for abrasion resistance at polymer, fiber, yarn, and fabric levels

Requirement for Abrasion
Category Property
Resistance**
Crystallinity [13], [15], [22] High
Polymer

Hardness [13], [14], [23] Higher

Young’s Modulus [16], [17], [24], [25] Lower

Elastic Recovery [16], [17], [24], [25] High
Fiber

Work to Rupture [14], [25] High

Fineness [24], [25], [26] High

Linear Density [26] High

Twist [26] High (optimum twist level)
Yarn

Hairiness [19], [21] Low

Ply [26], [27] High

_ _ Less floats (weaves), Ribs
Weave/Knit Design [20], [24], [25], [26] _ . .
and single jersey (knits)

Fabric Fabric Weight (gsm) [24] High

Fabric Thickness [24] High

Thread Count [24] High

**The requirements summarized indicate generalized requirement for each property

2.1.3 Environmental Degradation
Environmental degradation, also called weathering, is the degradation of polymers due to
effects of UV, moisture, oxygen, temperature and other environmental factors or a combination of

all. Weathering varies by region, season, year, and time of the day etc. Weathering tests in
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subtropical climates may have severe exposure in comparison to northern regions. This is due to
the increase in UV radiation caused by the higher average sun angle and exceptionally moist
climate. On the other hand, drier regions may offer an increased UV radiation degradation but have
a much lower rate of deterioration due to humidity. Seasonal variations such as high temperature
and increase UV in summer can be 2 to 7 times that of winter. Similarly, seasonal variations can
change from year to year. Weathering is complex but there have been studies and research that
seek to standardize and accelerate weathering through natural weathering, accelerated outdoor

weathering, accelerated weathering in a laboratory. Table 2 summarizes the parameters of

weathering.
Table 2: Critical parameters for weathering.
Parameters Factors

Solar Radiation UV irradiance
Moisture Relative humidity, dew, rain
Heat Surface temperature
Pollutants Ozone, acid rain
Other Salt water

Because these parameters vary so widely over the earth’s surface, the weathering of
materials is not an exact science. It is virtually impossible to rank the degenerative power of
temperature, moisture, and UV radiation. Most materials are weathered by a combination of these
factors, but some are degenerated by moisture alone or UV radiation alone.

Natural/outdoor weathering studies in every climatic zone would be too complex,
expensive and time consuming while it may also be that regions of similar climatic conditions have
comparable weathering resistance of materials. Over time for the goal of standardization and

simplicity, Florida, with its extremely hot and humid climate, has become accepted as a reference
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climate', followed by Arizona, with its hot and dry climate [28], [29], [30]. It is critical for different
industries to test out their materials in the reference climate to determine if their material or product
resist weathering. An anecdotal example would be of the paint formulation industry, often paint
manufacturers paint a house in Florida and observe the changes such as discoloration, cracks etc.
over 5 years before releasing the paint formula to the market. Hence accelerated weathering is very
critical to save resources. Evaluation weathered specimens would be reported as property changes
which may be measured: color difference, gloss under various measuring geometries, hardness,
weight changes, transmission UV/VIS, and mechanical properties.

Nylon 6,6 often has good weather resistance, however continuous use without monitoring
for any change could lead to catastrophic results. Hence it is critical to understand weathering
mechanisms of nylon 6,6. Figure 6 shows the mechanism of degradation in nylon 6,6 polymers.
The succinic acid was assumed as a byproduct of the degradation process. Figure 11(b) shows the
formation of hydroperoxide products. By exposure to the weathering condition, the intermediate
hydroperoxide was oxidized again, and at the final step (Figure 11(d)), by hydrolytic cleavage,

succinic acid was removed as a byproduct of the degradation process.

31



0 (0]

| H, H, H, H, H, H, g ||
"'(‘"?ia-c—N—(f —C ==C ==C =—=C =—=C ==N=——CNWN
214

(0]
H H H, H H H g §H ”
*"(V‘C+C_N_(I:—C — —_ ) — = —N] —C S
4
(0] (0]
HO™ ~N
-2H,0, +20, oH

¢ Light, Air, Water u

L o
v{(\» | g H, H g S H I’i‘”
l(:l =N =—— == —c—C—E'.\—C @
e Il Il )
(6] O\ /O (0] :
A on_ MO . ’
2H,0
O e e, o
”k" | HY H, H, Y“H ”
l(I-)-(—\-:—c—c— g —f — -
o Pl 1l :
i 0 O 0 0!
: :

...................................

Hydrolytic cleavage

I
2 «v»{(rhz—)f anliz

Mechanism sequences:

a. Polyamide chain (double-sided a-oxidation)

b. Formation of hydroperoxides

c. Hydroperoxide intermediate of a secondary diamide of adipic acid
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Figure 6: Degradation of Nylon 6,6 [31]
Radiation based degradation of Nylon 6,6
Degradation of nylon 6,6 is mostly due to the absorption of light in the 270-280 nm and
300-340 nm region of the electromagnetic spectrum. One major type of degradation, namely
photolysis, can occur when nylon is exposed to sunlight. Photolysis is caused by exposure to

wavelengths of radiation above 300 nm. Damage may also occur when nylon is exposed to
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radiation with wavelengths longer than 415 nm. The free radical reactions of photolysis can result
in chain scission or crosslinking [31], [32].

Photo-degradation arises when the fibers are exposed to electromagnetic radiation, which
brings about chemical changes in the structure of the textile polymer molecules. For this to take
place it is necessary for the incident radiation to have sufficient energy to bring about the change,
usually by exciting some part of the polymer molecule. The excitation, which may occur because
of free-radical activity or by some other intermediate step, often causes a major change in the
molecular structure of the polymer, which then leads to the gradual loss of mechanical properties.

Study by Moezzi et al., on UV degradation of nylon 6,6 found significant degradation
during microscopic analysis [31]. Figure 7 below demonstrates the formation of cracks over
increasing exposure time. It can be observed that by increasing the exposure time from 4 hours to
15 hours, the crosslinking process led to enhancing the adhesion in the crack edges leading to

smooth fibers, however after 20 hours of exposure the cracks have increased.

Figure 7: Optical microscopic images of nylon 6,6 (a) unexposed, and after (b) 4hrs, (¢) 15hrs, (d)
20hrs of UV exposure [31]
The comparison of the surface morphologies also showed an increase in the number of

defects with an increase in the exposure time. It did not seem to confirm claims from microscopic
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analysis after 4 hours to 15 hours of exposure times, since the morphological defect seemed to
increase. However, the tensile data of the exposed samples show an increase in shear modulus of
the fiber increase between 4 hours to 15 hours, supporting the crosslinking theory. Increasing the
exposure time from 15 h to 20 h led to the creation of new significant morphological defects as

seen in Figure 8 below.

(@)

Figure 8: SEM images Nylon 6,6 fibers (a) unexposed and after (b) 4 h, (c) 15h, and (d) 20 h of

exposure.

Moisture based degradation of Nylon 6,6

Many polymers, mainly those synthesized by condensation polymerization, undergo
hydrolysis, which leads to degradation of by scission of the polymer backbone. Polymers such as
polyesters, polyamides, polycarbonates, and poly- acetates are prone to hydrolytic degradation,

which occurs in the moist or acidic conditions present in the environment. Figure 9 below
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illustrates hydrolysis of nylon 6,6. Hydrolysis of nylon does not show obvious wear and tear on
the textile product, but the performance is significantly reduced. Thus, it becomes necessary to

characterize this change in chemical structure of the polymer used.

920 Heat \/\ N HZN/\/

H_N Hzo
Nylon chain Carboxylic end Amine end
backbone group group

Figure 9: Hydrolysis of Nylon 6,6

Accelerated UV testing:

The demand for new products has shortened the time available for determining the
durability of a particular material. Therefore, accelerated weathering is increasingly used to predict
the long-term environmental effects in less time than the real-time working life expectancy. An
accelerated weathering method correlates with real-time exposure testing when specific defects
can be generated in a material with an acceptable precision in a repeatable, shorter interval. Many
manufacturers and suppliers worldwide find the correlations acceptable and have adopted test
specifications for accelerated and artificial weathering. The factors that can be controlled to enable
accelerated weathering are UV irradiation, temperature, and relative humidity.

The technical papers from Atlas MTS/Ametek and Q-Lab corporation show the utility of
their equipment to successfully perform accelerated UV degradation [33], [34]. Technical papers
from both the manufacturers show that the acceleration of UV degradation could be achieved

through increasing irradiation for xenon arc lamp-based equipment. Xenon arc equipment is
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preferred because they can produce and simulate the entire solar spectrum from UV to IR, but
xenon arc lamps produce a lot of short wavelengths. So, filters are used to reduce the short
wavelengths to simulate solar spectrum accurately. Figure 10 below shows the filter combinations
and their spectral power distribution compared to sunlight. The filter combination is not provided
for Q-Lab’s “Daylight” filter; however, the technical paper published by Q-Lab show that it is
comparable to Borosilicate/Borosilicate (boro/boro) and coated IR absorbing/soda lime

(CIRA/SL) filters [34].
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Figure 10: Spectral power distribution of Q-Lab Daylight filter, CIRA/SL filter, boro/boro filter
and sunlight [3], [33], [34].

The technical papers show good confirmation with the sunlight when using Q-Lab’s
Daylight and boro/boro filters. However, the filters do not conform with sunlight beyond 650nm
wavelengths and require a lot of cooling to remove the heat produced in the visible light and IR
region. Q-Lab’s daylight filter also performs better than boro/boro in eliminating the short
wavelengths. The terrestrial solar spectrum does not have wavelengths below 290nm while

boro/boro only eliminates wavelengths below 280nm as seen in Figure 11 below.
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Figure 11: Spectral power distribution in short wavelength region for CIRA/SL filter, Daylight
filter, boro/boro filter and sunlight [3], [33], [34].

The technical papers from 3M and Sherwin Williams were able to reciprocate these
findings in their studies. However, the conclusions drawn between the two studies are very
different. The paper by Sherwin Williams concluded that there is no or poor correlation between
accelerated weathering and service life performance. Meanwhile, the 3M paper in collaboration
with Atlas MTS/AMETEK, was able to show that the damage from increased irradiance does not
follow a linear increase and shows an exponential increase [35], [36].

This opens the avenue for correlating changes in properties to total radiant exposure; the
total energy received per unit area across the solar spectrum through the exposure time. The papers
by 3M and Sherwin Williams only look at the surface level changes and not the bulk, while change
in tensile properties is a direct result of the changes in the bulk of the polymer. This should be
further explored to understand the relationship of the changes in the bulk to accelerated UV
degradation. The findings can then be modelled using statistical models and/or computational

models to predict the service life of webbings over time.
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2.2 Current Standards for degradation characterization

The current standard to determine the changes in the physical and mechanical properties
of degraded technical textiles is ASTM D5034. It is used to test the breaking strength and
elongation of textiles fabrics, which provides complete engineering evaluation of the textiles for

mechanical and environmental degradation. Figure 12 shows the diagrammatic setup of tensile test
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Figure 12: Diagrammatic setup of tensile test as per ASTM D5034, (a) sample dimensions, (b) the
apparatus for tensile test and (c) stress-strain curves of control and treated fabric [37]

The high tensile properties of the webbings make it harder to gauge using ASTM D5034,
since the webbing fails before reaching their tensile rating at the clamps. Therefore, webbings’
mechanical properties are determined using ASTM D6775 standard. It is similar to ASTM D5034
with testing parameters but varies with its load cell setup and sample size. The test setup for ASTM

D6775 is shown in Figure 13 below [38].
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Figure 13: Split drum clamp setup for ASTM D6775 [38]

2.3 Non-destructive Test Standards

Detection and evaluation to maintain and repair are particularly challenging since technical
textiles include various products for various end uses. Defects and damage can occur at various
levels of scale, making it difficult to track all the damage which can lead to catastrophic failures.
In addition, changes in the physical and chemical structures of textiles are closely related to their
tensile strength, stiffness, and service life. Therefore, robust, and reliable non-destructive testing
(NDT) of textiles is essential for alleviating safety concerns, as well as maintenance costs to
minimize logistical requirements. These factors attract interest from both academic researchers
and industrial engineers [39]. Developments in generation and detection within each spectral
regime of the electromagnetic spectrum have induced numerous industrial applications. Due to
significant developments in equipment manufacture, computing power, imaging processing and
acquisition techniques over last three decades, there have been rapid increases in the application
of spectroscopic, ultrasonic, and X-ray imaging (XRI) for non-destructive detection and evaluation

of technical textiles [39], [40].
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2.3.1 Spectroscopy

The chemical changes accompanying the changes in the physical properties of materials
can be characterized using techniques in chemical characterization studies. One such method that
can clarify and predict degradation is spectroscopic analysis. Spectroscopy provides useful
information absorbance and transmittance of electromagnetic spectrum of the sample. The

electromagnetic spectrum is illustrated in Figure 14 below [39], [41].
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Figure 14: Electromagnetic spectrum [39], [41]
Two very common spectroscopy avenues are UV-Vis and Fourier Transformed Infrared
spectroscopy (FTIR).

UV-Vis Spectroscopy:

UV-Vis quantifies the properties of samples in the UV—-Vis wavelength ranges of light
(typically 190-900/1100 nm) without destroying the matrix. Specifically, UV—Vis visible
spectroscopy determines how much light of a given wavelength passes through a sample, and how

much is absorbed. Such information can be diagnostic of molecular identity, concentration,
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structure, or activity. Figure 15 shows a schematic diagram of major components of UV-Vis

spectrophotometer [42].
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Figure 15: A schematic diagram of major components in a UV-Vis spectrophotometer [50].
UV—Vis spectroscopy provides data as a graph of absorbance, optical density or
transmittance as a function of wavelength. Absorbance is the most used to interpret and share the
information regarding the sample. Absorbance is the measure of the amount of light absorbed,
higher the value, the more of a particular wavelength absorbed. In spectroscopy this graph is
typically referred to as an absorption spectrum. Applications of UV—Vis spectroscopy include:
1. Quality Control
a. It is one of the finest strategies for ensuring quality in natural molecules.
b. Compare samples with standards in real time.
c. Can be detected by measuring the absorbance at a specific wavelength.
2. Structure explanation of natural compounds
a. UV-—Vis assimilation spectroscopy is valuable for natural atoms’ basic illustration,
such as identifying the nearness or nonattendance of unsaturation and heteroatoms
[43].
3. UV-Vis absorption spectroscopy can be used to quantitatively determine compounds that

absorb UV—Vis radiation.
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4. Kinetics of the reaction can also be studied using UV—Vis spectroscopy. The UV-Vis
radiation is passed through the reaction cell and the absorbance changes can be observed.

5. Many drugs are either in the form of raw material or in form of formulation, can be assayed
by making a suitable solution of the drug in a solvent and measuring the absorbance at a
specific wavelength.

6. The molecular weights of compounds can be measured spectrophotometrically.

7. UV-Vis spectrophotometer may be used as a detector for high-performance liquid
chromatography (HPLC).

FTIR:

FTIR stands for Fourier transform infrared, the most common method of infrared (IR)
spectroscopy. In IR spectroscopy, IR radiation is passed through a sample. Some of the IR
radiation is absorbed by the sample and some of it is passed through (transmitted). The resulting
spectrum represents the molecular absorption and transmission, creating a molecular fingerprint
of the sample. This makes IR spectroscopy useful for several types of analysis. IR spectroscopy
has been used extensively for materials analysis in the laboratory for over 70 years. Because each
material has a unique composition and accordingly different arrangement of atoms, no two
compounds produce the exact same IR spectrum. Therefore, IR spectroscopy can result in a
positive identification (qualitative analysis) of every kind of material. In addition, the size of a
peak in the spectrum is a direct indication of the amount of material present. Figure 16 shows a

schematic diagram of FTIR instrument [44], [45].
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Figure 16: Schematic representation of FTIR instrument [45].

The recent improvements to attenuated total reflection (ATR) techniques have further
advanced FTIR spectroscopy for identification and characterization. ATR is s a contact sampling
method that involves crystal with a high refractive index and excellent IR transmitting properties.
The molecular resolution and flexibility of experimental approaches offered by FTIR spectroscopy
can be used to predict changes in the chemical structure of technical textiles which can be utilized
to correlate with tensile data to provide quantitative changes due to degradation.

There are two major types of ATR-FTIR are:

1. Single Reflection ATR - is the most basic configuration where the incident infrared

light undergoes a single reflection at the crystal-sample interface as seen in Figure 17
[46]. It provides a simple and straightforward ATR measurement, suitable for routine

analysis and samples with relatively high refractive indices.
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Figure 17: Illustration of ATR single reflection setup [46].

2. Multiple Reflection Horizontal ATR - In this configuration, the infrared light
undergoes multiple internal reflections within the crystal before exiting. This increases
the effective path length and enhances sensitivity, particularly for samples with low
concentrations or weak absorptions. Figure 18 shows schematic diagram of multiple

reflection ATR [47] .
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Figure 18: Schematic diagram of multiple reflection ATR [47].
Applications of FTIR include:
1. Quality control and verification of incoming/outgoing materials.
2. Characterization of polymers, rubbers, and other materials through thermogravimetric
infra-red (TGA-IR) or gas chromatography infra-red (GC-IR) analysis.

3. Microanalysis of small sections of materials to identify contaminants.
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4. Analysis of thin films and coatings.

5. Monitoring of automotive or smokestack emissions.

6. Failure analysis

Study by Marin et al., tried to use FTIR to quantify the relationship between time and PLA
degradation due to UV curing and hydrothermal ageing [48]. The results of spectroscopic analysis
clearly highlight the degradation phenomena occurring within the samples. The increase of
anhydrides and lactide molecules in the samples occurs almost exclusively due to photo-oxidative
phenomena caused by UV, while the formation of vinyl groups occurs due to both UV and
hydrothermal aging [48]. Another set of studies by Rafidison et al. and Auxenfans et al., were able
to successfully predict tensile strength using lateral order index (LOI) method for cellulosic
polymers [49], [50]. LOI is defined as the empirical crystallinity index (CI) and is sensitive to the
amount of crystalline versus amorphous regions. The lower LOI value shows more disordered
polymer chains in the sample [51]. Both the studies defined LOI as the ratio of intensities of
crystalline and amorphous cellulose peaks, 1423 cm™ and 897 cm™ respectively. Empirical
equations linking the tensile strength and these indices have been established and the correlation
coefficient of Total Crystallinity Index (TCI), LOI and Hydrogen Bonding Index (HBI) were found
to be 95.8, 98.3 and 94.9%, respectively [49]. Hence FTIR could also prove useful tool in
predicting tensile strength changes due to degradation in nylon 6,6 if the corresponding crystalline
and amorphous peaks are identified.
XRD:

X-ray diffraction (XRD) is a powerful, non-destructive analytical technique based on the
diffraction of X-rays by the crystalline planes of a material. It provides critical information on

ordered structures, including crystal orientation, size, and percent crystallinity [52], [53], [54].
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Consequently, XRD is a valuable tool for understanding the structure-property relationships in
semicrystalline polymers. It is well-established that the degradation of such polymers, like nylon
6,6, involves either chain scission or cross-linking. These mechanisms induce distinct changes in
the crystal lattice: chain scission typically leads to the formation of smaller crystals or increased
disorder, while cross-linking can increase order and thus the intensity of diffraction from
crystalline regions [11], [55], [56].

The working principle of X-ray diffraction can be categorized into three main stages: X-
ray generation, sample interaction, and detection[57]. First, X-rays are generated, typically by a
cathode ray tube, then filtered and collimated to concentrate the beam, before being directed
toward the sample. Second, the incident rays interact with the sample, producing constructive
interference (a diffracted ray) when conditions satisfy Bragg's Law: nA = 2dsin as seen in Figure
19 [52], [54], [57], [58]. This law relates the wavelength of the X-rays (A) to the diffraction angle
(0) and the lattice spacing (d) in a crystalline sample, where n is the diffraction order. Finally, these
diffracted X-rays are detected, processed, and counted. By scanning the sample through a range of
20 angles, all possible diffraction directions of the lattice are recorded, which accounts for the
random orientation of the crystalline regions within the polymer substrate.

Applications of XRD include:

1. Rapid characterization of unknown materials.

2. Determination of unit cell dimensions of the crystal lattices.

3. Measurement of sample purity.

4. Phase identification.

5. Determining the relative crystallinity of the sample.
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Figure 19: The reflection of X-rays on multiple atomic planes within a crystal satisfying Bragg’s
law [58]

Previous research demonstrates the utility of XRD for analyzing polymer degradation. For
instance, Du et al. mapped crystallinity changes in low-density polyethylene (LDPE) sheets due to
UV radiation. They observed an increase in crystallinity after eight weeks, hypothesizing a chemi-
crystallization mechanism in the amorphous regions that hindered crack propagation and led to
brittle behavior [59]. Similarly, a study on nylon 6,6 showed that the intensity of crystalline peaks
decreased after 25 hours of photo-irradiation, with no additional changes observed at longer
exposure times [60]. While that study established morphological changes, it was limited to 200
hours of exposure and did not evaluate the corresponding effects on mechanical properties. Other
work has shown a strong relationship between FTIR spectroscopy findings and crystal orientations
in nylon polymers, often using FTIR to interpret morphological significance [61]. Collectively,
these studies validate XRD as a useful technique for developing a non-destructive test (NDT) to

characterize crystalline changes and correlate them with changes in tensile properties.
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2.1.3 Spectrophotometer

In degradation studies the most common observation noted is the discoloration between
the control and the exposed samples. Although color is a standard measurement, the perception of
color changes from person to person, physiological and psychological state, and other influences.
Hence in 1976, the International Commission on Illumination (CIE) developed the L*a*b* color
model with the goal of developing a standard for color communication. The CIE in CIELAB is the
abbreviation for the International Commission on Illumination’s French name, Commission
Internationale de 1'Eclairage. The letters L*, a* and b* represent each of the three values in the
CIELAB color space used to measure color and calculate color differences. The color space is

shown in Figure 20 below [62].
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Figure 20: CIELAB color space;* denotes L, a, b values of a sample with reference to the standard,
L* represents lightness from black to white on a scale of zero to 100, while a* and b* represent
chromaticity with no specific numeric limits. Negative a* corresponds with green, positive a*
corresponds with red, negative b* corresponds with blue and positive b* corresponds with yellow
[62]

The quantification of color using the CIELAB color space enables the differentiation of

similar colors effectively using the equation below.

ABj, = \/(Ls — L1)? + (a3 — a})® + (b3 — b})? n
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A AE*,, value greater than 1 denotes that the color difference can be perceived by the
human eye [63]. There have been studies trying to correlate the change in color to the change in
mechanical properties. In one such study by Cordeiro et al., the changes in color and tensile
properties of glass fiber reinforced polymer (GFPR) composites were studied under different UV
exposure conditions [64]. Although there was significant difference in the AE*,, values over
different exposure periods, there was no direct correlation between the change in mechanical
properties, but the study does not provide statistical studies to show the same [64]. However, in
another study on GFPR by Lan et al., found that the mechanical properties are related to the color
difference of the GFPR composites. Lan et. al, saw that the color change in the sample attributed
mainly to the brightness of the L* values [62]. They concluded that the brightness of the
composites could be used to find the change in tensile strength and flexural strength.

The brightness value of the sample can be measured through gloss; this accounts for both
color and surface properties of the sample. Gloss is the optical property that causes a material to
appear shiny or mirror-like due to the way it reflects incident light off its surface. In the study by
Badji et al., they aim to understand the correlation between weathering and the microstructure of
the wood plastic composites [65]. This builds on previous studies where imaging techniques were
successful in predicting changes due to weathering but were mostly atomic and electronic
techniques (Atomic force microscopy (AFM) and SEM). In this study they sought other methods
that could be used to correlate with changes in mechanical properties. They use CIELAB and gloss
with other techniques to determine a correlation. They found that L* value significantly changes
with increasing exposure but did not find strong correlation with the change in mechanical
properties, confirming the finding of Lan et al. [62]. However, with gloss they had a positive

correlation with elongation at break. This coupled with the topological studies using SEM confirms
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that the microcracks on the surface during the weathering probably play a role in the decrease of
the elongation properties [65]. This could be further built upon to determine the correlation
between the gloss value and mechanical strength of the polymeric samples. The finding of which
could then be used as variable in simulation and modelling to be able to predict strength of the
webbings.

2.2 Discussion and Research Gaps

Mechanical degradation is a topic of interest in varied industries and sectors, from metals
to composites. There is a plethora of degradation and wear studies done in recent times for metals,
thin films, and composites but limited in the field of textiles. The fiber and yarn studies do provide
some information about the wear resistance of the subsequent textile, but it does not take into
consideration inter yarn wear during abrasion. Most polymer tribology discussed above are rooted
in fundamental behavior of polymers however when scaled to a macro level there is no sufficient
proof that that degradation in textiles is completely same as that of polymer films and or metals
[16], [17], [19], [20]. Moreover, the tribological studies performed on abrasive wear of materials
were performed on smooth surfaces with little to no asperities while asperities give webbings their
unique surface properties and aesthetics.

Wear in fabrics is complex, making standardizing and defining wear that is applicable
across the broad spectrum of textiles critical. For ease of standardization, it is often assumed that
textile fabric is homogeneous, comparable to polymer films and metals. However, in practice
textiles are seldom homogeneous there are many local irregularities on fabrics as studied by Ghane
et al. [66]. These irregularities can be caused by mass irregularities of the yarns, production
processes (e.g., beat up motion in weaving, broken picks/ends etc.) and irregularities due to

environmental conditions (e.g., shrinkage of yarns, ageing etc.) [66], [67]. Hence it is imperative
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to understand the specific degradation mechanisms for textiles fabrics to develop methods to
predict its service life.

Furthermore, there is a need to develop a non-destructive test method to assess wear and
tears to predict the service life extension of technical textiles. Since repair and replacement is
resource intensive venture, it is helpful to plan and mitigate any catastrophic failure due to
poor/degraded material. Imaging is one way that is being researched but appearance of defects on
the surface is certainly not proof that the textile has started to wear. Degradation due to wear can
also lead to chemical degradation through chain scission which may not be visible on the surface
of the textile [12], [14], [18]. Moore in their study had elucidated that heat from friction can cause
chemical degradation in polymers [12]. This is also observed in findings of Sheng et al., where the
abrasion between yarns increased temperature to above 50°C and fused some fibers together [19].
This phenomenon should be further explored and understood in technical textiles.

Environmental degradation on the other hand is an equally complex problem to tackle. The
mechanisms of degradations due to environmental factors are a combination of multiple factors
and in many case one initiates the other. Environmental degradation can be accelerated; however,
it is not a linear relationship, and the relationship can vary from one polymer chemistry to another.
Therefore, it is critical to understand the interaction of different environmental factors with each
other before attempting to accelerate degradation in technical textiles. Most of the weathering and
UV degradation tests take a long time to provide any conclusive results, hence it has been critical
to develop a non-destructive characterization of degradation to predict the changes in tensile
strength without having to wait long periods of time. Prediction models based on linear regression
models work well when the rate of degradation is like the currently available studies as reviewed

above [49], [68], [69]. However, the relationship between accelerated degradation time and natural
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degradation time must be established prior to the development of a predictive test. The study by
3M and Sherwin Williams have provided a reciprocity value for different polymer films but there
are not many studies to find reciprocity since these papers were published in late 2000s.

Overall, this research study strives to bridge the gaps in the fundamental concepts of
degradation mechanisms in polymers versus technical textiles, both mechanical and
environmental.

2.3 Conclusion

Although there have been extensive studies in degradation mechanics in polymer films,
yarns and fibers, the knowledge is limited when it comes to fabrics. This leaves a gap in
understanding the scaling effect of polymer concepts of degradation to the fabric level. This gap
is also seen in environmental degradation in polymers; there is a disconnect between the bulk
properties and degradation studies. Most environmental degradation is studied for surface level
changes such as color and surface energy since they are predominantly performed in the coating
industry by coating developers. Hence, understanding the scaling effect from polymers to fabrics

can help predict the service life of technical textiles using non-destructive test standards.
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CHAPTER 3
Mapping the Initial Mechanism of Degradation Caused by Abrasive Wear of High-Tensile
Nylon 6,6 Webbings
(Publication in preparation)

Nilesh Rajendran (nrajend@ncsu.edu, ORCiD),*" Tushar Ghosh (ORCiD)? and Emiel

DenHartog (ORCiD)?
?Textile Engineering, Chemistry and Science, North Carolina State University, Raleigh, NC, USA.
Abstract

This study investigates the initial degradation mechanisms of high-tensile nylon 6,6
webbings used in safety harnesses when subjected to mechanical abrasion. Understanding these
mechanisms is essential for predicting the service life and ensuring the reliability of textiles in
safety-critical applications. Webbing samples were subjected to controlled abrasive wear from 5
to 1000 cycles using a Wyzenbeek tester (ASTM D4157) with P60 sandpaper. The degradation
was assessed through changes in tensile strength, mass, temperature, and surface chemistry.

The primary finding was that the webbing’s tensile strength decreases logarithmically with
increasing abrasion cycles (R? = 0.753, p < 0.05), with a rapid loss of strength initially that
subsequently plateaus. This behavior is attributed to a transition in the dominant wear mechanism
from a severe two-body cohesive wear process at yarn interlacement points to a less aggressive
three-body abrasion as eroded fiber debris fills the hard asperities. This conclusion is strongly
supported by the inconsistent mass loss data, which reflects the competing processes of fretting
(mass loss) and debris redeposition (mass transfer).

While the minor temperature increase (1-2°C) was found to be insufficient to cause

significant thermal degradation, the results suggest mechanochemical mechanism involving
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tribochemistry and oxidation is active at the fiber surface. This work provides a crucial mechanistic
understanding of textile wear, identifying the transition between wear regimes as a key factor in
performance loss, which is vital for developing more durable materials and predictive life-cycle
models.

Keywords: Nylon 66; Abrasion; Tribology; Webbings; Mechanical Degradation
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3.1 Introduction

Safety harnesses are exposed to various external materials and environmental conditions.
These harnesses are typically constructed from webbings—a type of high-tensile, narrow woven
fabric [1]. The rectangular cross-section of the webbing minimizes thickness while ensuring even
load distribution. This design provides a high strength-to-weight ratio and a unique shape that fits
easily into buckles, making it ideal for harness applications. However, interactions with different
terrains, fabrics, and other surfaces can lead to material loss over the webbing’s service life. This
gradual degradation caused by frictional contact is known as wear. The economic impact of wear
is substantial, reflected in the high annual costs of replacing and repairing worn textiles for both
industry and consumers [2].

Wear is an umbrella term used to describe degradation of material through various means.
For polymers, wear can be broadly classified into cohesive and interfacial wear. The distinction
between the two wear mechanisms can be attributed to the extent of deformation in the polymer

substrate due to the hard abradant, as shown in the schematic in Figure 1.
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Figure 1: Schematic of abrasive wear in polymers (adapted from Wear of Polymers [3])

Cohesive wear encompasses mechanisms involving the dissipation of frictional energy
through the polymer and subsequent damage occurring in the bulk, controlled by its cohesive
strength or toughness. In contrast, interfacial wear involves the dissipation of frictional work in
much thinner regions, closer to the rigid asperities, at greater energy [4]. In interfacial wear the
frictional energy is dissipated mainly by adhesive interactions such as polymer softening or
melting, increase in temperature, and chemical degradation [3].

The primary type of cohesive wear is abrasive wear, which involves the plowing and

cutting of a softer material by a harder one, as depicted in Figure 2 [2], [4].
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Surface 1

Figure 2: Abrasion wear between surface interfaces [5]

Surface 1

There are two main mechanisms of abrasive wear: two-body and three-body. In two-body
wear, hard asperities on one surface cause material removal from the opposing surface. Three-
body wear occurs when unconstrained particles are trapped between the surfaces, allowing them
to roll and slide freely [2], [4], [5], [6], [7]. Figure 3 illustrates these two modes. During three-
body abrasion, damage is generally less severe than in two-body abrasion because the particles can

rotate, but it can also lead to damage on both surfaces [5], [7]. Since the particles move and rotate,

it can also lead to damage to both surfaces.

(b) ¢

Figure 3: Abrasive wear modes (a) two body abrasion (b) three body abrasion [5]

It is hypothesized that interfacial wear can induce mechanochemical degradation of the
polymer backbone. This is a form of chemical wear caused by high energy dissipation in a thin
interfacial area, very distinct from the bulk cohesive wear characterized by cutting and plowing.

Mechanochemical degradation occurs when localized energy from friction and mechanical stress
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at a material's surface is sufficient to break chemical bonds. This phenomenon alters the material's
chemical structure before any physical damage, like scratching or material loss, is visible. [3], [6],
[8]. The resulting broken bonds create highly reactive sites that readily interact with oxygen and

water vapor in the environment, leading to oxidation and hydrolysis of the polymer. A general

J

Oxygen, O,

mechanochemical degradation of polymer is shown in Figure 4.

Chain Scisslon)

RO* + OH*

g Mechanical

. Abrasi

= m rasion m
3. *
(1)

=

UV light
or heat

ROOH €— RO0O*&

Reacts with another RH

Figure 4: Mechanochemical degradation of polymer substrate, where R can be any polymer
backbone [9]

Numerous studies have characterized the morphological changes in yarns and fibers due to
abrasion [10], [11], [12], [13], [14]. However, the literature on mechanochemical changes
resulting from abrasive wear is limited for textile-based substrates (yarns and fabrics). Therefore,
this study seeks to understand the dominant degradation mechanism—whether cohesive or
interfacial—during the initial stages of abrasion that cause significant loss of breaking strength.
3.2 Materials and Methods

3.2.1 Webbings:
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Three webbings of different colors (white, navy, and tan) were supplied by Bally Ribbon
Mills (Bally, PA, USA). The selected webbings meet the requirements listed in Table 1, in
accordance with the military specification, MIL-DTL-4088 [15].

Table 1. MIL-DTL-4088 Specifications [15]

Classification Class 1 — Critical use
Type VII
Polymer Nylon 6, 6
Weave Design Double Plain Weave
Fabric Finish or Treatment None - Untreated
Linear Density before dyeing — Warp, Binder 840
& Fill (den)
# of filaments — Warp, Binder & Fill 140
Twist (twist per inch) 2.5
Ply — Warp & Fill 2
Ply — Binder 1
Width (in) 1.71 £0.06
Thickness (in) 0.06 -0.10
Maximum Linear Weight (0z/yd) 2.35
Minimum Breaking Strength (1bs) 6000

3.2.2 Abradants:

General purpose coarse sandpaper (UNSPSC —31191501) with grit size P60 and aluminum
oxide abrasive on paper backing was acquired from Grainger Industrial Supply (Lake Forest, IL,
USA). The sheet measured to be 9 inches in width and 11 inches in length. The sheets were cut
into 4 strips of 2.75 inches wide and 9 inches long to be attached to the oscillatory cylinder of the
Wyzenbeek tester as described in ASTMD4157.

3.2.3 Sample Preparation:
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The webbings and the abradants were conditioned under standard environmental
conditions, 21 = 1 °C and 65 + 2% RH, as per ASTM D1776 Standard Practice for Conditioning
and Testing Textiles [16]. The webbings were cut to 36 inches in length as per the requirements
of ASTM D6775-13 Standard Test Method for Breaking Strength and Elongation of Textile
Webbing, Tape and Braided Material [17].

3.2.4 Abrasive Wear:

Webbing samples, 36 inches long, were attached to the arm of the Wyzenbeek tester with
a tension of 4 1bf and a head pressure of 3 Ibf. The procedure followed the ASTM D4157 Standard
Test Method for Abrasion Resistance of Textile Fabrics (Oscillatory Cylinder Method). P60
sandpaper was secured to the oscillating cylinder to act as the abradant. The experimental setup is
shown in Figure 5.

During the test, the control arms held the webbing stationery while the oscillating cylinder
rubbed against the fabric surface in a back-and-forth motion. To simulate varying degrees of
degradation, samples were subjected to cycle counts ranging from 5 (mild wear) to 1000 (severe

wear).

@ ®)
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Figure 5: (a) Wyzenbeek abrasion tester with (b) webbing setup on the control arm and (c) the post

abrasion webbings
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3.2.5 Change in Temperature:

The change in temperature of the webbings was assessed before and after abrasion cycles
using FLIR TG165-X from Teledyne FLIR LLC (Wilsonville, OR, USA)
3.2.6 Change in Mass:

The change in mass was calculated for each sample using a Sartorius Entris II precision
scale from Sartorius AG (Gottingen, Germany).
3.2.7 FTIR:

Fourier transformed infrared spectroscopy (FTIR) was performed using a Nicolet iS10
FTIR Spectrometer from Thermo Fisher Scientific (Waltham, MA, USA) equipped with a
diamond ATR crystal. The analysis was performed at the Analytical Services Lab of Wilson
College of Textiles at North Carolina State University. Spectra were collected in attenuated total
reflectance (ATR) mode over a range of 4000400 cm™. Each spectrum was obtained by averaging
128 scans at a resolution of 8§ cm™, with a background spectrum collected prior to sample
measurement. The resulting spectra were first background-corrected using Bruker Optics' OPUS
software (Billerica, MA, USA). Further data processing was carried out with Thermo Fisher
Scientific’s OMNIC software (Waltham, MA, USA) for baseline correction and analysis.

3.2.8 Tensile Test:

Breaking strength evaluation for each sample was completed on Landmark Servohydraulic
test system from MTS (Eden Prairie, MN, USA) based on ASTM D6775-13 Standard Test Method
for Breaking Strength and Elongation of Textile Webbing, Tape and Braided Material [17]. The
split-drum fixtures were first mounted to the MTS Landmark’s hydraulic wedges with a pressure
of 2 kPa. The samples were preloaded to ~4500N (~10001lbs) of tension (required due to the

traversal limitations of the test frame), a deviation from the ASTM standard due to setup limitations
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[18]. The test was performed under standard environmental conditions, 21 + 1 °C and 65 + 2%
RH, under a constant rate of elongation (CRE) of 3 in/min. The details of the method can be found
in our previous papers [19], [20].

3.2.9 Statistical Analysis:

The results were evaluated statistically using JMP 18 software from JMP (Cary, NC, USA).
Regression analysis was used to determine the effect of abrasion cycles on breaking strength.
Furthermore, a Tukey test was used to analyze the statistical grouping of means at different
abrasion cycles and colors. The significance level, or alpha (a), was set to 0.05 to provide 95%
confidence, and any p-value lower than o was considered statistically significant. Data
visualization was completed using JMP 18.

3.3 Results and Discussion
3.3.1 Abrasion:

As illustrated in Figure 6, the abraded samples show significant surface changes (fuzzing)
after just 10 cycles, resulting from physical damage to the fabric surface caused by broken fibers,
fibrillation, fiber disorientation and yarn pull-out etc. The resulting increase in surface roughness
made maintaining a consistent focal plane difficult on the digital microscope, which led to blurred

images. This trend was consistent for all other webbing colors.
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Figure 6: Macro images of tan colored webbings after different cycles of abrasive wear using
Wyyzenbeek Abrasion tester.
3.3.2 Tensile Strength:

The tensile test results, plotted as mean maximum load (Ibf) against the number of abrasion
cycles, are shown in Figure 7. The data reveals a logarithmic relationship: a significant reduction
in strength occurs during the initial 100 cycles, followed by a more gradual decline at higher cycle
counts. The initial loss could be attributed to the aggressive two-body wear phenomenon while the

gradual decreases beyond 100 cycles could be attributed to a three-body wear phenomenon.
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Figure 7: Mean breaking strength or max load (Ibf) of webbings after abrasion.
Regression analysis done on log-transformed data for this relationship has an R-squared
value of 0.824, indicating a strong fit to the data. It should be noted that for the logarithmic
transformation, the x-axis is defined as (abrasion cycles + 1). This is a standard practice because
the dataset includes a 0-cycle measurement, and the logarithm of zero is undefined. Adding a small
constant (in this case, c=1) allows the initial data point to be included in the model without
significantly altering the overall trend. The overall regression model was statistically significant

(p <0.05) and explained a substantial portion of the variance in tensile strength.
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Figure 8: Regression analysis of log-transformed relationship between breaking strength or max
load (Ibf) of webbings and abrasion cycles.

Results from the Analysis of Variance (ANOVA) indicated that both abrasion cycles and
color had a statistically significant effect on the breaking strength of the webbings (p<0.05). As
hypothesized, the number of abrasion cycles was a significant factor; however, an unexpected
finding was the significant influence of color. To further understand the differences between the
color groups, a Tukey-Kramer test was performed. The results indicated that while the navy and
tan webbings were not significantly different from each other, the white webbing was It was
assumed that the white webbing represented virgin nylon material without subsequent chemical

processing. Consequently, the observed changes in the mechanical properties of the dyed webbings
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are likely attributable to the proprietary dyeing treatment. This finding warrants further

investigation into how dyeing processes affect the mechanical degradation of webbings.
Similarly, a post-hoc Tukey-Kramer test was performed to conduct pairwise comparisons

between the different abrasion cycles. The result of the test is shown as a connecting letter report

in Table 2.

Table 2: Tukey-Kramer connecting letter report on significant differences between abrasion

cycles.

Abrasion ‘
Connecting letter report

Cycles
0 A

5 B

10 C

25 D

50 E

75 E

100

125

m ™ ™ ™

175

250

500

1000 I

The connecting letter report indicates a rapid phase of significant degradation between 0
and 50 abrasion cycles, with each interval being statistically distinct. Beyond 50 cycles, the rate of
degradation plateaued, with many subsequent intervals becoming statistically indistinguishable

(e.g., 75 vs. 175 cycles). This statistical plateau is consistent with a mechanistic transition from a
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severe two-body wear regime to a less aggressive three-body wear regime as seen in Figure 7. This
phenomenon is attributed to the accumulation of wear debris that mitigates further damage by
acting as a lubricating layer, thereby reducing the rate of strength loss. However, the significant
loss of breaking strength (~20% decrease) in the first 50 cycles cannot be attributed solely to
abrasive wear.

3.3.3 Change in Temperature:

The temperature of the webbings was measured before and after abrasion to evaluate
possible thermal or chemical damage caused by friction heat. This thermal data offers insight into
degradation mechanisms that might affect the material's mechanical properties.

Due to the rapid movement of the oscillating cylinder and the tight clearance between the
test heads, continuous in-situ temperature monitoring was not feasible. Therefore, measuring the
temperature immediately before and after each test was the most practical technique for
determining the net temperature change. The results are shown in Figure 9.

6 [ |
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Figure 9: Exponential relationship between change in temperature (°C) with increasing abrasion
cycles of (a) all webbings and (b) by color. The temperature change represents the difference

measured immediately before and after each abrasion interval.
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As shown in Figure 2, the data reveals a strong exponential relationship between the
percent change in temperature and the number of abrasion cycles, with R-squared values greater
than 0.89 for all three webbing colors. This trend indicates that the most significant temperature
increase occurs during the initial stages of abrasion while the change in temperature plateaus at
higher cycles.

This behavior can be attributed to the establishment of a heat balance. Initially, friction
generates heat that contributes to wear processes like surface softening or melting. Over many
cycles, this process can lead to thermal fatigue and material loss, which in turn alters the surface's
heat generation and dissipation characteristics, resulting in a thermal equilibrium [21]. However,
while the exponential trend is clear, the absolute temperature increase was minor (approximately
1-4 °C). A temperature rise of this magnitude is insufficient to cause significant thermal
degradation. Therefore, it could be theorized that the significant mechanical energy delivered at
contact points causes tribochemical reactions [2], [3], [4], [5], [8]. This localized stress can directly
break polymer chains (mechanochemistry) or produce highly reactive sites (free radicals) on the
fiber surface. These reactive sites can then easily oxidize when exposed to air as seen in Figure 4,
leading to chemical breakdown that surface-sensitive chemical analysis can detect.

3.3.4 Change in Mass:

It is well-established that abrasive wear causes a decrease in fabric mass due to surface

erosion [2], [3], [5], [6], [7], [22], [23]. The mass loss behavior of the webbings resulting from the

Wyzenbeek abrasion test is illustrated in Figure 10.
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Figure 10: Change in mass (g) of webbings as a function of abrasion cycles.

The results clearly indicate that the change in mass is independent of the number of
abrasion cycles. This is probably due to two opposing phenomena occurring simultaneously:
fretting and material buildup.

Fretting is the erosion of the fiber surface, which creates "fly"—loose fiber debris—
resulting in mass loss [2], [3], [5]. However, these two mechanisms are closely related. This
debris can become trapped between the abradant and the webbing, initiating a three-body
abrasion process. This process can lead to the redeposition of material onto the webbing, filling
in newly formed asperities and partially offsetting the mass lost through fretting. The complex
interplay between these opposing processes—mass loss from fretting and mass transfer from
deposition— likely explains the inconsistent trend observed at low cycles.

It has been widely reported that this balance shifts at higher cycle counts, a phenomenon
observed here in the mass loss difference between 500 and 1000 cycles. Once the surface asperities
are filled, any newly created debris are more likely to be ejected from the system rather than
redeposited. This would lead to a more consistent and significant net loss of material over longer
periods of abrasive wear, transitioning the system into a steady-state wear regime [3], [8].

3.3.5 FTIR:
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It is hypothesized that initial abrasive wear causes interfacial damage that promotes two
distinct chemical degradation pathways. First, it leads to mechanochemical changes, creating
reactive sites for oxidation. Second, by increasing the surface area and exposing more polymer
chain ends, it accelerates hydrolysis due to the hygroscopic nature of nylon 6,6, a mechanism

illustrated in Figure 11 [24].
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Figurel1: Nylon 6,6 breakdown through hydrolysis

This change can be readily identified using Fourier Transform Infrared (FTIR)
spectroscopy [24], [25]. The technique is effective because different types of chemical bonds (e.g.,
C=0, N-H) vibrate at unique frequencies and absorb infrared radiation only at the wavelength that
matches their vibrational energy.

The FTIR-based studies rely on a clean, specular reflection from a smooth sample surface
[24], [25]. However, the mechanical abrasion in this study resulted in a high degree of surface
roughness and a layer of disoriented, fibrillated fibers as seen in Figure 2. When the incident
infrared radiation strikes this non-uniform surface, it undergoes diffuse scattering rather than
specular reflection.

The scattering significantly reduced signal strength and created notable baseline artifacts.

These issues masked the true absorption peaks related to the material's chemical bonds, resulting
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in a spectrum filled with noise and making it unsuitable for both quantitative and qualitative
analysis.

The results of these studies are consistent with the existing literature on the abrasive wear
of polymers. The data suggests that the webbings initially experience two-body abrasion, which
then shifts to three-body abrasion as debris accumulates. This loose debris fills the asperities and
cracks on the material's surface. The redeposition of particles causes a plateau in the degradation
rate, likely due to a smoothing or protective effect as loose particles are transferred back onto the
webbing.

Although interfacial wear was hypothesized, this study was unable to provide substantial
evidence. However, digital microscopy of the webbings revealed clear evidence of cohesive wear
at yarn interlacement points, specifically in the form of fiber pullouts, as shown in Figure 6. This
form of wear has been widely reported as a major cause of degradation in textile substrates [11],
[14], [26]. But they do not fully account for the significant loss of webbing strength—over 20%
within the first 250 cycles. While the rise of 1-2°C is likely insufficient to cause significant thermal
degradation on its own. There could be another underlying degradation mechanism, likely
chemical in nature, that contributes to the rapid initial loss of strength.

3.4 Conclusion

This study examined the degradation mechanisms of Nylon 6,6 webbing exposed to
mechanical abrasion. The main finding was that the material's tensile strength declines
logarithmically as the number of abrasion cycles increases (R* = 0.824, p < 0.05), characterized
by a rapid initial reduction that then levels off. This pattern was linked to a change in the dominant
wear mechanism. Microscopic imaging clearly showed cohesive wear at yarn interlacement points,

which starts as a severe two-body abrasion process. Over time, the build-up of eroded fiber debris

82



triggers a less aggressive three-body abrasion mode, where debris redeposition partly slows the
degradation. This conclusion is strongly supported by the inconsistent mass loss data, which
reflects the competing processes of fretting (mass loss) and debris redeposition (mass transfer).

While the minor temperature increase (1-4°C) was insufficient to cause significant thermal
degradation, the results suggest that the mechanical energy from friction could induce
tribochemical reactions at the fiber surface. It is hypothesized that mechanochemistry and
subsequent oxidation contribute to the overall degradation. However, a significant methodological
finding was that standard FTIR spectroscopy is unsuitable for analyzing these abraded surfaces.
The severe surface fibrillation and roughness caused diffuse scattering of the infrared beam,
preventing the acquisition of usable chemical data.

The insights from this research are crucial for understanding how high-performance textiles
used in safety-critical applications fail. By identifying the shift from two-body to three-body wear
as the main cause of strength loss, this work offers a foundation for creating more durable materials
and better predictive life-cycle models. Future research should focus on using surface-sensitive
techniques like X-ray Photoelectron Spectroscopy (XPS) to directly verify the hypothesized
tribochemical changes on the fiber surface. Ultrasonic testing could also help detect micro-cracks
forming on the fiber surface during the early stages of abrasion, potentially before any damage
becomes visible. The early appearance of such cracks would suggest interfacial wear, likely caused
by oxidation or hydrolysis. Finally, optical analysis of cohesive wear mechanisms at different
abrasion intervals, using digital microscopy or scanning electron microscopy (SEM), could clarify
the transition from two-body to three-body wear. This approach may also offer a viable non-

destructive method for predicting strength loss during a webbing's service life.
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CHAPTER 4
Accelerated UV Degradation Behavior of High Tensile Nylon 6, 6 Webbings

(Published as is in Journal of Polymer Research)

Nilesh Rajendran (nrajend@ncsu.edu, ORCiD),*" and Emiel DenHartog (ORCiD)?

aTextile Engineering, Chemistry and Science, North Carolina State University, Raleigh, NC, USA.
Abstract:

The paper investigates the UV degradation behavior of high tensile nylon 6, 6 webbings
used in military applications. Webbings of four colors (navy, black, tan, and white) were selected
according to military specification MIL-DTL-4088. The webbings were then subjected to up to 15
days of continuous exposure using a modified ASTM D2565 test standard in xenon-arc Weather-
Ometer with 1.5x narrowband irradiance or 0.83 W/m? - nm at 340nm under Arizona conditions
(43°C, 30% RH), a duration equivalent to 107 days of outdoor Arizona conditions. SEM analysis
showed no morphological changes even after 15 days of continuous exposure, contrary to literature
available on the degradation of nylon polymer. However, FTIR spectroscopy showed evidence of
change in molecular structure of nylon webbings with increasing UV exposure duration. This
finding showed that the peak at 1740cm™ associated with -COOH bond energy increased as
exposure increased, confirming that the hydrolysis phenomenon was initiated by UV radiation.
This was also confirmed by tensile test results, which showed that the strength of the webbings
decreased by 20% for all color except the white webbings (6% reduction) after 15 days in the
weatherometer. A full factorial analysis confirmed that exposure duration had the largest effect on
breaking strength (Partial > = 0.67), followed by color (Partial n> = 0.54). A significant interaction
effect (Partial n> = 0.37, p <.0001) confirmed that the rate of degradation was color-dependent,

which could be the result of the dye chemistry associated with different colors. This study
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highlights the use of chemical characterization is essential for monitoring material integrity when
surface changes are not visible due to UV degradation in nylon 6, 6 webbings. Future work should

aim to quantify these chemical changes to develop a non-destructive method for predicting the

residual strength of in-service webbings.
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4.1. Introduction

The versatility of textile products and processes allows them to be used in various
applications other than fashion, which tends to be the main known application of textiles.
Technical textiles are textile products with performance as their primary goal [1]. Technical
textiles products can range from automotive textiles such as tire cords and oil filters to more critical
end uses like medical textiles- such as vascular grafts and cell scaffolds. Hence, the performance
of these textile products is very critical and is prioritized over aesthetics. Many technical textile
products such as geotextiles, automotive textiles and military textiles are used outdoors and should
be able to withstand both environmental and physical conditions during their service life [1], [2].

Military textiles are a classification of technical textiles which are used in critical
applications during military drills and wars. A broad range of textile products are used in military
equipment such as tents, tactical shelters, rigid walls, tarpaulins, vehicle, and gun covers,
equipment webbings, and parachutes etc. [3], [4], [5], [6]. One critical application is payload
logistics and personnel deployment, such as airdrop equipment, harnesses, and parachutes etc.,
where the failure of textiles during service can lead to a critical loss of resources and life. Harnesses
play a crucial role in securing payloads and personnel during deployment [7]. These harnesses
need to have high tensile strength, lightweight and should be able to withstand extreme
temperatures and weather conditions [3], [5], [7]. These harnesses are usually flat strips of narrow
woven fabric called webbings. The webbings have a rectangular cross-section which reduces the
thickness while distributing the load evenly and are made from nylon 6, 6 filament yarns [6]. Their
unique shape and size can be easily fitted into buckles, making it desirable to be used in harnesses.
Nylon 6,6 is chosen for harnesses because it provides both the high tensile strength required for

parachute deployment and the excellent abrasion resistance conferred by its high elongation
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properties. Its high melting point (approx. 265°C) ensures it retains mechanical integrity under
extreme temperatures, and it exhibits excellent resistance to chemicals like fuels and lubricants,
all of which are critical for operational reliability in the military [8], [9]. While alternative fibers
such as aramids (e.g., Kevlar®) and Ultra-High Molecular Weight Polyethylene (UHMWPE, e.g.,
Dyneema®) offer higher strength-to-weight ratios, they present significant disadvantages for this
application. Aramids, for instance, are susceptible to degradation from UV radiation and moisture,
while the low melting point of UHMWPE makes it unsuitable for high-friction scenarios or
environments with potential heat exposure [10]. Therefore, nylon 6,6 represents an optimal balance
of tensile strength, thermal stability, chemical resistance, and cost-effectiveness for harness
webbings.

Ensuring the reliability of these critical components requires effective methods for
monitoring their condition over time. One area of current research is the use of image analysis as
a non-destructive technique (NDT) to evaluate textile properties, which is highly effective when
surface changes are significant [11], [12]. However, this technique is limited by the fact that
degradation of these harnesses may not always be a surface-level phenomenon. It can lead to
significant changes in the polymer's bulk properties, even without any discernible surface changes.

The extensive use of webbings in the outdoor environment subjects them to a phenomenon
called weathering — a process of chemical and physical degradation caused by sunlight, heat,
moisture, pollutants, and a combination thereof [13], [14], [15]. Various components of the
polymers also interact with the weathering factors and can induce chemical changes in the polymer
backbone [13], [14], [15]. However, weathering is complicated process, and the multitude of
variables involved makes it very difficult to understand. This study focuses on the degradation

contributed by ultraviolet (UV) radiation in high tensile webbing.
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Exposure to UV is one of the major contributors to the wear and tear of technical textiles
in weathering. UV radiation causes photooxidative degradation which results in changes in the
polymer backbone through breaking of polymer chains (chain scission), production of free
radicals, and decreased in molecular weight. These chemical changes directly lead to significant
reduction in mechanical and chemical properties of technical textiles such as tensile strength,
elongation and crystallinity. This process eventually leads to catastrophic performance failure after
an unpredictable time without any discernable surface changes [16], [17]. Consequently, current
NDTs based on image analysis almost always fail to predict these changes in properties. Moreover,
there is still some ambiguity in the literature available on the UV degradation of technical textiles,
especially regarding lab-based accelerated UV degradation, while generally accepted, there is still
a lot of debate on its reliability. Hence, this study seeks to map the accelerated UV degradation
behavior of high tensile nylon 6, 6 webbings through morphological, chemical, and mechanical
characterization techniques. Ultimately, this work aims to identify sensitive indicators of
degradation that could form the basis of a reliable non-destructive technique (NDT) capable of
predicting the residual strength of in-service webbings.

4.2. Experimental Section

Military textiles often undergo stringent testing protocols prior to their deployment [3], [5],
[18]. There has always been a drive to increase the shelf life and service life of military textiles.
Failure of any military textile component can lead to catastrophic results and in some cases, even
the loss of personnel. Therefore, to extend the useful life of military textiles it is imperative to first
understand the mechanisms associated with degradation [19], [20]. This study seeks to understand
the UV degradation behavior of webbings used in military bases situated in the harsh

environmental conditions of Arizona.
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4.2.1 Materials

The four webbings of different colors (white, navy, black, and tan) were provided by Bally Ribbon
Mills (Bally, PA, USA) based on the material availability and military requirements. The selected
webbings comply with the following requirements listed in Table 1 as per the military specification
MIL-DTL-4088 [21].

Table 1. MIL-DTL-4088 Specifications [21]

Classification Class 1 — Critical use (shuttle less loom)
Type VII

Polymer Nylon 6, 6

Weave Design Double Plain Weave
Fabric Finish or Treatment None - Untreated
Linear Density before dyeing — Warp, Binder 840

& Fill (den)

# of filaments — Warp, Binder & Fill 140

Twist (twist per inch) 2.5

Ply — Warp & Fill 2

Ply — Binder 1

Width (in) 1.71 £0.06
Thickness (in) 0.06 -0.10
Maximum Linear Weight (0z/yd) 2.35

Minimum Breaking Strength (1bs) 6000

# of ends in warp — Face and Back 229

# of ends in warp — Binder 27

Minimum Picks per inch 26

The webbings were cut to 36 inches in length as per the requirements of ASTM D6775-13

Standard Test Method for Breaking Strength and Elongation of Textile Webbing, Tape and

Braided Material. The webbings were then subjected to accelerated UV exposure.
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4.2.2 Accelerated UV Exposure

UV exposure was performed using Ci4000 Xenon-Arc Weather-Omerter from
Atlas/Ametek (Mount Prospect, IL, USA). The current ASTM D2565-23 (Standard Practice for
Xenon-Arc Exposure of Plastics Intended for Outdoor Applications) method calls for cycle “3” to
expose textiles to an irradiance of 0.35 W/ (m? nm) at 340 nm, with 1.5hrs of light followed by
0.5hr of light with water spray [22]. However, in this study, the webbings were exposed
continuously with the irradiance control set to a 1.5 sun equivalent, or 0.83 W/(m? nm) at 340nm
under Arizona (dry) conditions (43°C and 30% relative humidity) to further accelerate UV
degradation. As established in the introduction, weathering is a complicated process involving
numerous variables. Therefore, this method was employed to isolate the specific influence of UV
radiation on the material's mechanical and morphological properties. This approach also
simultaneously decreased the duration needed for extended exposure, while increasing the
irradiance to accelerate the degradation process. Six sets of samples were removed at 3-day
intervals up to 15 days. One set consisted of 1 sample of each color. The webbings were mounted

on the Weather-Ometer racks using heavy duty clips as seen in Fig. 1 below.

—_ 2
Ve B8 -
Fig. 1 Webbings mounted on Weather-Ometer racks (a-b)

The actual exposure days can be calculated using the formula given below in equation 1.
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Radiation Dosage at 340nm (Kf/ml . nm) (1)

Weather — Ometer Time (hrs) =
Irradiance at 340nm (W/,,,l’.,,,,,) X 3600 S/hr

Historical and experimental data suggest that Arizona receives 333 MJ/m?/year of radiation

in 295-385 nm region [23], [24]. Furthermore, it is assumed that 340nm represents approximately

1.1% of the energy in the UV region (295-385nm). Given that exposure time in the Weather-

Ometer is known, equation 1 can be rearranged to find the actual exposure time. Table 2 below

summarizes actual exposure time from Weather-Ometer exposure hours using modified ASTM
D2565-23 and ASTM D2565-23 cycle 3 parameters.

Table 2 Actual UV exposure level from Weather-Ometer hours using modified ASTM D2565 and

ASTM D2565-23 cycle 3

Weather-Ometer Exposure Real Life Equivalent Real Life Equivalent
in Days Exposure in Days (Modified | Exposure in Days (ASTM
ASTM) D2565-23)
3 21 9
6 43 S
9 64 >
12 36 36
15 107 13

The results show that the modified ASTM D2565-23 used in the study accelerated actual
outdoor exposure levels by a factor of 2.4x in comparison to the standard ASTM D2565-23 cycle
3 and by a factor of 7x in comparison to the exposure duration in the Weather-Ometer.

4.2.3 Morphology — Scanning Electron Microscopy (SEM)

SEM was performed to characterize the surface morphology of exposed and unexposed

webbings using TM4000 desktop SEM from Hitachi High-Tech (Tokyo, Japan). The samples were

cut into 0.5 cm x 0.5 cm squares and were fixed on an aluminum stub using a conductive carbon
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adhesive tape. Images were obtained at 50x and 500x magnification at 15kV accelerating voltage
and low-vacuum chamber pressure of 30Pa. Sputter coating was not required for the samples as
the microscopy was performed at low-vacuum mode with backscattered electron (BSE) imaging.
4.2.4 Material Characterization — Fourier Transformed Infrared (FTIR) Spectroscopy

Fourier transformed infrared spectroscopy (FTIR) was performed on exposed and
unexposed webbings using a Tensor 27 from Bruker Optics (Billerica, MA, USA) fitted with a
HATR Plus sample compartment from Pike Technologies (Madison, WI, USA) at the Chapel Hill
Analytical and Nanofabrication Laboratory - UNC-CH (Chapel Hill, NC, USA). The spectra of a
8 cm! resolution for each sample were recorded in absorbance mode with an attenuated total
reflectance (ATR) correction to average spectra from 128 scans. Background was collected before
every sample, and the resulting spectra were corrected for this on OPUS software from Bruker
Optics. Baseline correction on the spectra was performed using Thermo Fisher Scientific’s
OMNIC software (Waltham, MA, USA) and the percent change in area under the FTIR spectra
was calculated using Origin 2023b software from Origin Labs (Northampton, MA, USA).
4.2.5 Tensile Testing

Mechanical evaluation for each sample was completed on Landmark Servohydraulic test
system from MTS (Eden Prairie, MN, USA). Specialized split drum clamps conforming to ASTM
D6775-13 Standard Test Method for Breaking Strength and Elongation of Textile Webbing, Tape
and Braided Material were held by the hydraulic wedges with a pressure of 2 kPa [25]. The 36-
inch sample was inserted between the two halves of the upper split drum clamp and wrapped
around the drums once. The webbing was then wrapped around the lower clamps once before
being inserted between the two halves. The setup of the clamps with webbings is shown on Fig. 2.

The crosshead was then raised to preload a ~4500N (~10001lbs) of tension (required due to the
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crosshead traverse limitations and the high strength rating of the webbings). The test was

performed under standard conditions under a constant rate of elongation (CRE) of 3 in/min.

Fig. 2 Tensile test configuration from (a) lateral view and (b) anterior view

4.2.6 Statistical Analysis

The study’s test results were evaluated statistically using JMP 18 software package from
JMP (Cary, NC, USA). A full factorial test was used to determine the effect of the independent
variables — color, exposure time, and combined interaction, on the dependent variable — breaking
strength. Furthermore, a Tukey test was used to analyze the statistical grouping of means at
different exposure durations and color. The significant level or alpha (a) is set to 0.05 to give
confidence of 95%, any p-value lower than the a will be considered statistically significant.
4.3. Results and Discussion
4.3.1 UV Exposed Samples

The UV exposed samples show significant levels of fading, visible to the naked eye after

just 6 days of exposure in the Weather-Ometer as shown in Fig. 3.
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(c) Black (d) Tan
Fig. 3 Discoloration of webbings at different exposure days for (a) white, (b) Navy, (c) Black, and
(d) Tan webbings. (Numbers within the image is the # of days in the Weather-Ometer)
4.3.2 Scanning Electron Microscopy (SEM)
The SEM images were obtained to inspect the morphological changes associated with UV
degradation. Fig. 4 shows the SEM images of control sample and UV exposed samples at different
exposure times at 50x magnification for navy webbings. The images show little to no surface level

changes even after 15 days of continuous exposure in the Weather-Ometer. However, the most
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relevant literature available on UV exposure, of nylon-polyester belts shows the formation of
microcracks on the surface after just 4 hours of exposure.

(a) )

() i

Fig. 4 SEM images of webbings, (a) navy, (b) black, (c) tan, and (d) white, at 50x magnification
for different exposure durations

Furthermore, the literature also found fibrillation and cracking with increasing exposure
duration at higher magnifications using SEM. The SEM images were obtained at 500x
magnification to see any morphological changes in the webbings. Fig. 5 below shows similar

results to that of Fig. 4 — little to no significant changes.

(d) E4

Fig. 5 SEM images of webbings, (a) navy, (b) black, (c) tan, and (d) white, at 500x magnification

for different exposure durations
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Contrary to the literature available, the UV exposed fibers remain smooth and showed no
cracking or fibrillation. This could be a result of varying experimental conditions. The literature
on the UV degradation of nylon 6,6 used UV lamps rated in the UV C range (253.7nm) while the
xenon-arc produces solar radiation in the UV B and UV A ranges. Since UV C radiation is
absorbed by the ozone layer, hence, the findings of that literature may not be useful in predicting
UV degradation due to solar radiation [26]. Another study on polypropylene (PP) sacks under
similar conditions (~38°C and 25% RH) at lower irradiation (~150 W/m? per day) also showed
significant degradation on the polymer surface [27]. However, this could be the result of the lower
activation energy required by PP to undergo photooxidation in comparison to PA [28]. Although
the findings of the SEM analysis do not conform with the literature, it can be concluded that surface
morphology is unaffected by accelerated UV exposures.

4.3.3 Fourier Transformed Infrared (FTIR) Spectroscopy

Fourier transformed infrared analysis — attenuated total reflectance (FTIR-ATR)
spectroscopy was used to identify changes in the webbings at the molecular level. In Infrared (IR)
spectroscopy, IR radiation is passed through the sample, where some radiation is absorbed and the
rest transmitted to a sensor. Since different bonds in a molecule absorb and transmit different
energies, the resulting spectrum provides a molecular fingerprint. Any deviation from the baseline
would represent chemical changes within the sample. The FTIR spectra obtained for navy

webbings is shown on Fig. 6 with similar trends observed for other colored webbings.
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Fig. 6 FTIR spectra of navy-colored webbings at different UV exposure duration with labeled
peaks of importance with wavenumber and bond association. The insert shows a nylon 6, 6
undergoing hydrolysis reaction.

It has been well documented in the literature that UV exposure induces photooxidation in
polyamides [29], [30], [31]. This photooxidation breaks the amide (N—C=0O) bonds, which then
forms imides and other free radicals. Given that nylon 6, 6 is a hygroscopic polymer (it has
moisture regain up to 8%,), it also undergoes a process called hydrolysis [32], [33]. Hydrolysis is
an irreversible reaction where the amide bonds in the amorphous region of the nylon 6, 6 undergoes
chain scission leading to formation of carboxylic acid and amine end groups as shown in the insert
of Fig. 6 [34], [35], [36]. Often there is a coupling interaction between oxidation and hydrolysis

where one influences and propagates the other [33]. This phenomenon can be observed clearly in
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the FTIR spectra on Fig. 6. The formation of amine and carboxylic acid end groups would result
in the addition of -OH and —NH bonds to the polymer backbone; this increase is documented with
the increasing peak at the 3295cm™ wavenumber; however, this region is very sensitive to the
relative humidity of the lab environment and, hence, it may not be a good representation of the
degradation of nylon webbings. Meanwhile, the formation of carboxyl end group (—-COOH) is very
specific and would require UV initiation, which will result in C=0 bending, as supported by the
increasing peaks at 1740cm! with increasing exposure duration. Thus, the degradation of nylon at
different exposure duration can be observed as the change in peak absorption intensity at 1740cm’

! with respect to the control sample as shown in Figure 7 below.
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Fig. 7 Change in absorbance at 1740cm-1 at different UV exposure duration (a) for all webbings
and (b) by individual color

It is evident from Fig. 7 that the increasing trend of the change in absorbance at 1740cm’!
is in support of the occurrence of hydrolysis in the nylon 6, 6 webbings. Factor analysis was then
performed using JMP software package to understand the effects of color, exposure duration and
their interaction on change in absorbance at 1740cm™' of the sample spectra and the results are

highlighted in Table 3.
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Table 3 Factor analysis results on the effect of independent variables on sample carbonyl index (%)

Source DF Sum of Squares F Ratio P
Color 3 0.00007386 6.3891 0.0047**
Exposure Duration 1 0.00030619 79.4553 <.0001%**
Color x Exposure Duration 3 0.00000405 0.3500 0.7897

** indicates statistical significance
The factor analysis results were interpreted using confidence level of 95% and alpha of
0.05, therefore any p-value below 0.05 can be interpreted as statistically significant. Results from
Table 3 show that exposure duration has significant impact on the change in absorbance at 1740cm”
! on the sample spectra. The analysis shows that the color and exposure duration significantly
impact the degradation of nylon 6, 6 webbings. However, the combined influence of color and
exposure duration can be ignored due to its statistical insignificance. The findings here confirm

the hypothesis of degradation mechanism via hydrolysis in nylon 6, 6 webbings.

4.3.4 Mechanical Properties

Following the findings from the FTIR analysis, it was theorized that change in molecular
structure and the breaking of the polymer backbone due to hydrolysis would lead to significant
degradation of mechanical properties [29], [37]. To test this theory, the webbings were subjected
to uniaxial tensile test following the ASTM D6775 test standard [25]. Although the standard calls
for one sample to be tested as a representation of the population, in this study, six samples for each
exposure duration were tested to improve reliability and statistical power. The tensile data for the
different webbings at different exposure durations is plotted as a breaking strength vs exposure

duration graph in Fig. 8.
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and (b) by individual color

Factor analysis was performed using JMP software package to understand the effects of

color, exposure duration and their interaction on breaking strength of the sample results of which

are highlighted in Table 4.

Table 4 Factor analysis results on the effect of independent variables on sample breaking strength

(Ibs)
Source DF Sum of Squares | F Ratio P Effect Size
(Partial n%)
Color 3 13894444 51.5843 | <.0001** 0.5374
Exposure Duration 1 24291980 270.5579 | <.0001** 0.6724
Color x Exposure 3 6834497 25.3736 | <.0001%** 0.3658

Duration

** indicates statistical significance

The factor analysis results were interpreted using confidence level of 95% and alpha of

0.05, therefore any P value below 0.05 can be interpreted as statistically significant. Results from

Table 4 show that the exposure duration and color both have significant impact on the breaking

strength of the samples. This is partly in good agreement with FTIR findings of change in

104



absorbance at 1740cm™’. It can also be observed that white webbings performed the best, as

expected since white tends to reflect more solar radiation, in comparison to other colors. Based on

the partial eta-squared values, effect of exposure duration was the most influential factor in

determining breaking strength (n?> = 0.6724), followed by color (n?> = 0.5374). However, unlike the

FTIR findings, the combined interaction of color and exposure duration is also shown to have

statistical significance on breaking strength. The substantial effect size of the interaction term (n?

= 0.3658) further underscores that the color and duration cannot be considered in isolation.

A Tukey-Kramer HSD is performed on breaking strength data to compare groups within

the exposure duration and color, to help identify specific groups that differ significantly from each

other within the parameters — color and exposure duration. The results of Tukey test are reported

in Table 5 — 6.

Table 5 Tukey-Kramer HSD connecting letter report of exposure duration

Exposure Duration (Days)

Connecting letter report

0

12

15
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Table 6 Tukey-Kramer HSD connecting letter report of webbing color

Webbing Color Connecting letter report
White A
Navy B
Black B
Tan B

The Tukey-Kramer HSD test shows that within exposure, the average breaking strength
between 0-3, 3-6, 6-9, 9-12, and 12-15 days are not statistically significant. This shows that the
effect of the exposure duration is similar to the time duration immediately next to it. But as the
exposure duration increases, the effect of the exposure on tensile strength becomes statistically
significant. Meanwhile the Tukey-Kramer HSD test on color by exposure confirms the trend
observed in Fig. 8, it was found that there was no statistical significance between the colors —navy,
black and tan when blocked by exposure duration. However, the difference between white and
other colors was statistically significant. This is shown in Fig.8 (b) where the slope of degradation
is similar for all colors but while is visibly shallower this confirms that white webbings tend to
reflect solar radiation as shown by smaller change in the breaking strength. However, further
investigation is required into the dyeing process and dye chemistry to understand their effects on
UV degradation.

4.4 Conclusions

This study sought to explore the degradation behavior of high tensile nylon 6, 6 webbings
that are used in various military applications ranging from tie downs and payload deployment
devices to seatbelts and parachute harnesses. The webbings of 4 different colors were subjected to

UV degradation in xenon-arc type weathering devices under a modified ASTM D2565 test

106



standard. It was found that the modified method accelerated exposure durations by a factor of 3x
more than the ASTM standard and by a factor of 7x more compared to the lamp hours in the
machine. While a seven-fold acceleration was theoretically achieved, it is important to note that
increasing irradiance does not always yield a linear increase in degradation. Therefore, further
research is required to correlate these accelerated cycles with real-world service conditions.

The SEM analysis of exposed webbings showed no changes to the morphological structure
of the filaments, however there was sufficient evidence of discoloration to the naked eye indicating
some level of degradation. The lack of changes in the filament morphology is contradictory to
what was observed in previous studies, warranting further investigation into the morphological
changes of these webbings. Future analysis should therefore be conducted at higher magnifications
with sputter coating, as micro-cracks may have formed that were not visible at the 500x
magnification used in this study. The FTIR analysis of the webbings confirms that the webbings
undergo the hydrolysis phenomenon as supported by the increasing change in absorbance peak
intensity with increasing exposure duration at 1740cm™ wavenumber. Although these findings are
qualitative, future studies to identify the peaks associated with crystalline and amorphous regions
could help quantify the changes to be correlated with the tensile performance of the high tensile
webbings. Furthermore, the FTIR findings are also consistent with the loss of breaking strength
observed in these webbings with reference to the control/unexposed samples. The webbings saw
a decrease of 20% in their breaking strength after 15 days of continuous exposure in the xenon-arc
weathering machine (equivalent to 107 days of outdoor exposure). However white webbings only
decreased in breaking strength by 6% in comparison to the control/unexposed samples. This shows
that dye chemistry could be a major factor in UV degradation. This study's findings strongly

recommend the use of white or lighter-colored nylon webbing for outdoor applications where
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structural integrity and longevity are critical. Given their similar degradation patterns, navy, black,
and tan webbings should not be considered interchangeable with white webbing in high-UV
environments; their service life must be rated more conservatively. To mitigate degradation when
using other colors, manufacturers can incorporate UV-reflective coatings or UV-inhibiting
additives during the manufacturing process. Furthermore, the study recommends that the relevant
Military Specification be reviewed to mandate such protective coatings and finishes for any non-
white webbing intended for outdoor use.

In conclusion, this study provides valuable insights into the degradation mechanisms in
nylon 6,6 and highlights the efficacy of chemical characterization in analyzing UV degradation.
Future investigations using techniques such as FTIR, XRD, and DSC can deepen the understanding
of these effects and could lead to the development of a Non-Destructive Testing (NDT) method to
predict the residual strength of high-tensile technical textiles.
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Abstract

High-performance nylon 6,6 webbings used in critical applications degrade under UV
exposure, necessitating reliable methods to assess their residual strength non-destructively. This
study investigates the feasibility of using instrumental color change as a predictive indicator for
the loss of breaking strength. Four colors of nylon 6,6 webbings were subjected to accelerated
xenon-arc UV weathering for up to 15 days. The resulting color change was quantified using both
the CIELab and CIEDE2000 formulas, and residual breaking strength was measured following
ASTM D6775. A regression analysis was performed to correlate these properties.

The results demonstrate that a strong predictive relationship exists, but its efficacy is highly
color dependent. Webbing with high initial chroma, namely tan (R? =0.889) and navy (R>=0.817),
showed a strong correlation between color change and strength loss. In contrast, the models for

low-chroma black and white webbings were weak and unreliable. Furthermore, the simpler
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CIELab (AE*a) formula provided slightly more accurate predictions than the more complex
CIEDE2000 (AE*00) metric.

It is concluded that colorimetry can be a viable non-destructive tool for predicting
mechanical degradation, but its application is limited to specific high-chroma materials, precluding
a universal model based entirely on colorimetry.

Keywords: Color; Nylon 66; UV-Vis Spectroscopy; Webbings; UV Degradation
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5.1. Introduction

Color has been a fundamental part of human history since prehistoric times, shaping
societies, economies, and cultures for centuries [1], [2]. Today, it remains a powerful form of
artistic expression, conveying emotions, cultural identity, and even gender [3]. Among the most
accessible and widely used mediums for expressing color is textile dyeing, offering a vast array of
possibilities [4].

In technical textiles, color serves functions that extend well beyond just visual appeal.
These materials are engineered primarily for performance, and color is frequently employed to
convey critical information regarding material properties and functional specifications [4].
Webbings used in safety harnesses in the military are subjected to rigorous testing protocols and
must meet strict military specifications prior to deployment by the U.S. military, as the failure of
even a single component can result in catastrophic loss of personnel and equipment [5], [6], [7],
[8]. In such applications, colored yarns are integrated into webbing structures to differentiate
between varying grades, specifications, and performance attributes [7]. The use of different colors
also facilitates quick visual identification and enhances safety and operational efficiency.
However, exposure to environmental factors, particularly ultraviolet (UV) radiation, inevitably
leads to degradation, with one of the most obvious signs being discoloration. While this color
change is easily observed, its relationship to the underlying loss of mechanical integrity is not well
understood.

To standardize the measurement of color, the International Commission on Illumination
(CIE) introduced the CIELab color space in 1976, which otherwise could vary depending on the
observer’s physiology, psychological state, and environmental influences. In this system three

parameters are employed—L*, a*, and b*— to communicate and describe lightness, red-green,
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and yellow-blue components of the color measured [9]. Thus, allowing for the objective
quantification of color difference (AE*) between a standard and the sample, a metric that has been
explored in various degradation studies. It is universally agreed that AE values above 2.7 indicating
perceptibility to the human eye [10].

In a study by Cordeiro et al., the effects of UV exposure on the color and tensile properties
of glass fiber-reinforced polymer (GFRP) composites were examined. While significant changes
in AE* were observed over time, no direct correlation with mechanical property degradation was
established [11]. Conversely, Lan et al. reported a measurable correlation between mechanical
properties and color variation in GFRP composites. Their findings indicated that the L* value
(brightness) was the most sensitive indicator of degradation. They concluded that changes in
brightness could potentially serve as a predictor for variations in tensile and flexural strength [9].

Building on this, studies have also incorporated gloss measurements as another potential
indicator of degradation. Badji et al. investigated the impact of weathering on the microstructure
and mechanical properties of wood-plastic composites (WPCs) [12]. Based on their previous work
that relied on atomic-level imaging techniques such as Atomic Force Microscopy (AFM) and
Scanning Electron Microscopy (SEM), this study incorporated CIELab and gloss analysis to
explore alternative approaches for predicting mechanical degradation. While changes in L* were
observed with increased exposure, no strong correlation with mechanical property loss was found.
However, a positive correlation was noted between gloss and mechanical properties, linking it to
surface microcracking observed via SEM.

In our previous study, we examined the effects of ultraviolet (UV) exposure on the surface
morphology and chemical structure of these webbings, particularly those deployed at military

installations in the extreme environmental conditions of Arizona [13]. Building upon that work,
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the present study investigates the color changes associated with UV-induced degradation and
explores the potential correlation between discoloration and breaking strength loss. The goal of
this study is to evaluate the feasibility of a color-based nondestructive testing (NDT) method for
in-situ assessment of webbing integrity. This study aims to systematically investigate the
relationship between colorimetric changes, gloss, and the residual breaking strength of UV-
degraded, high-performance nylon 6,6 webbings used in safety harness systems. By analyzing four
distinct colors under controlled accelerated weathering, this research seeks to determine if a robust,
non-destructive predictive model can be developed. Specifically, it evaluates the efficacy of both
the CIELab (AE*a.) and the more complex CIEDE2000 (AE*o0) formulas to test the central
hypothesis: that instrumental color change can serve as a reliable proxy for mechanical degradation
in these critical materials.

5.2. Materials and Methods

5.2.1. Material

Narrow woven webbings of 4 different colors (white, navy, black, and tan) were provided
by Bally Ribbon Mills (Bally, PA, USA). The webbings provided comply with the following

requirements listed in Table 1, as per the military specification MIL-DTL-4088 [7].
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Table 1. MIL-DTL-4088 Specifications [7].

Specification
Class 1 — Critical use
Type VII
Polymer Nylon 6, 6
Linear Density 840 Denier (W B F)!
# of Filaments 140 (W B F)!
Twist per inch 2.5
Weave Design Double Plain Weave
Picks per inch Min. 26
# of Ends Min. 229 (W)! & 27 (B)!
Width 1.71 £ 0.06 in
Thickness 0.06 — 0.10 in
Weight 2.35 oz/yd
Breaking Strength Min. 6000 Ibs
Fabric Finishes None

I'W = Warp; B = Binder; F = Fill.

5.2.2. Sample Preparation

The samples were initially conditioned under standard environmental conditions, 21 + 1
°C and 65 + 2% RH. A total of 36 samples of 36 inches were cut from 200yds rolls for all 4 colors
conforming to ASTM D6775-13 Standard Test Method for Breaking Strength and Elongation of
Textile Webbing, Tape and Braided Material [14].
2.3. UV Weathering

UV weathering was performed using Ci4000 Xenon-Arc Weather-Ometer from
Atlas/Ametek (Mount Prospect, IL, USA). In this study, only a central 8-inch section on the face
of the webbings was continuously exposed to an irradiance of 1.5 sun equivalent or 0.83 W/(m? -

nm) at 340nm simulating Arizona (dry) conditions (43°C and 30% relative humidity) in the
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chamber. The irradiance was set to 1.5 sun to accelerate UV degradation. Table 2 shows that the
exposure time is equal to 2.7x of the lamp hours in the weatherometer. The detailed calculations,
based on available historical data and a generally accepted acceleration formula, are reported in
the previous study [15]. Six samples were removed at 3-day intervals up to 15 days of exposure in
the Weather-Ometer for each color. The webbings were mounted on the Weather-Ometer racks
using heavy duty clips as seen in Figure 1.

Table 2. The natural weathering equivalent of the lamp hours in the Weather-Ometer.

Weather-Ometer Lamp Hours (Days) | Natural Weathering Equivalent (Days)
3 21
6 43
9 64
12 86
15 107

(a) (b)
Figure 1. (a) Face of the webbings exposed to the UV lamp; (b) Back of the webbings showing

placement of the clips to secure the samples on the turning rack.
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5.2.4. Color and Gloss Measurement

Color and gloss were measured for control and exposed samples using Spectro-Guide
Sphere Gloss S from BYK-Gardner USA (Columbia, MD, USA). The resultant L*, a*, b*
coordinates of color were used to calculate AE according to both CIE76 and CIEDE2000 following
ISO/CIE 11664-4:2019 “Colorimetry — Part 4: CIE 1976 L*a*b* Colour space” and ISO/CIE
11664-6:2022 “Colorimetry — Part 6: CIEDE2000 Colour-difference formula” respectfully [16],
[17]. The color difference formula in accordance with the CIE76 is shown in equation (1) and

CIEDE2000 is shown in equation (2).

AE!, = y/AL? + Aa? + Ab?, (1)

g — (A 2+ AC’ 2+ AH' 2+R AC'\ [ AH )
o J\kSs ) \keSe)  \kuSw) " \keSc) \kuSu)’

Where AL’ is the lightness difference; AC’ is the chroma difference; AH’ is the hue

difference; Si, Sc, Su are weighing functions of lightness, chroma and hue; ki, kc, ky are
parametric factors of lightness, chroma and hue (for textiles ki is 1.5 - 2 while kc and kn are 1)
[17], [18], [19].

To calculate the color difference, first the L*, a*, b* values from the spectrophotometer

should be transformed into L’, a’, b’ and C’, h’ are calculated following formulae (3) - (7),

=1, (3)
a=1+G6)a", 4)
b’ =b*, )

¢ = JaT+ b7, (6)
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where G in formula (3) is the switching function calculated using formula (8)
—7
C*
G=05(1- |/ (8)
C* + 257

C* is calculated from the CIELab values of the control and test sample, denoted by

subscript 0 and 1 respectively using formula (9) - (10)

Cy= |ay>+b3%; ¢ = |ai® +b;%, )
. C+C
C* = 02 L, (10)

The differences between the samples, denoted by subscript 0 for control and 1 for test

sample is calculated according to formulae (11) — (14),

AL =L, — Ly, (11)
AC' =C| — C}, (12)
(AR
AH' = 2,/CiC - sin{ =~ ), (13)
0° if C)Cl =0
T if C)C. + 0 and |k, — h)| < 180° (14)

K, — h}) — 360 if C,C! # 0and |R, — h}| > 180°
R} — R}, + 360 if C4Cl # 0and |h, — hj)] < —180°

while the weighting factors in formula (1) are calculated using the formulae (15) — (21).
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0.015(L" — 50)?
N ( )

J20(T —50)2 (15)

Sc =1+ 0.045C", (16)
Sy =140.015C'T, (17)
T =1-0.17 cos(h’ — 30°) + 0.24 cos(2h") + 0.32 cos(3R" + 6°) — 0.20 cos(4h’ — 63°) (18)
_<W—275°>2 (19)
A9 =30°-e \ % ),
—7
CI
Re =2 |—F——, (20)
C"" + 257
Rp=—Re-sin(2-80-—), @1)
180

where L', C’, h’ are the arithmetic means of the measurements of 2 samples.

The gloss index measurements at 60° angle of incidence were also measured using Spectro-
Guide from BYK-Gardner USA and will be reported as Gy, for this study.
2.5. Tensile Strength

The tensile evaluation for the webbings was performed on Landmark Servohydraulic test
system from MTS (Eden Prairie, MN, USA) based on ASTM D6775-13 Standard Test Method for
Breaking Strength and Elongation of Textile Webbing, Tape and Braided Material [14]. The split-
drum fixtures were first mounted to the MTS Landmark’s hydraulic wedges with a pressure of 100
kPa. One end of the 36-inch sample was inserted between the two halves of the upper fixture and
wrapped around the drums once. The webbing was then wrapped around the lower fixture once
before the other end was inserted between the two halves of the fixture. The setup of the clamps
with webbings is shown in Figure 2. The samples were preloaded to ~4500N (~10001bs) of tension

deviating from the standard test due to the traverse limitations of the test frame [15]. The strain
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data obtained post preload is not representative of the actual strain behavior of the webbings;
hence, the tensile evaluation was limited to breaking strength only. The test was performed under
standard environmental conditions, 21 = 1 °C and 65 = 2% RH, under a constant rate of elongation

(CRE) of 3 in/min.

k= Webbing

Figure 2. ASTM D6775 test setup on MTS Landmark with split-drum clamp fixtures and the insert
shows the side view schematic of the clamp (adapted from ASTM D6775) [14].
5.2.6. Statistical Analysis

The study’s test results were evaluated statistically for normal distribution and effect size
using JMP 18 software package from JMP (Cary, NC, USA). The significant level or alpha (a) is
set to 0.05 to give confidence of 95%, any P value lower than the a will be statistically significant.
Regression analyses were conducted using JMP 18 and Origin 2023b software package from
OriginLab Corp. (Northampton, MA, USA). Data processing and visualization were conducted
using Origin 2023b.

5.3. Results and Discussion
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Based on the experimental methods described in the previous section, quantitative analyses
of color change and breaking strength loss were conducted to assess whether visual indicators can
reliably predict mechanical degradation

5.3.1. UV Exposure

UV exposure in the xenon-arc Weather-Ometer resulted in a clear progression of color
change, with samples appearing increasingly lighter when viewed under a lightbox equipped with
a CIE D65 daylight-simulating light source. The extent of this change became more perceptible to
the naked eye with longer UV exposure durations. This trend was consistent across all colors

except for the white webbings, which exhibited minimal visible change, as shown in Figure 3.

Figure 3. UV exposed samples of 4 different colored webbings at 6 different exposure days as

indicated by the numbers embedded in the image.
3.2. Color and Gloss Difference
To quantify these visual observations, colorimetric data were collected using the CIELab

system, and changes in lightness (L*), red-green (a*), yellow-blue (b*) and gloss value (Gr) were
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plotted over time to evaluate the degree of discoloration. The findings are

below.

shown in Figure 4,
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Figure 4. Changes in the color coordinates over time in the Weather-Ometer for 15days with 1

standard deviation error bar - (a) Lightness (L*); (b) red-green (a*); (c) yellow-blue (b*); (d) gloss

value (GL) of the webbings.

Color Difference

The color coordinates of the six unexposed samples of each color were averaged and set as

the control or reference coordinates for their respective color. Figure 5(a) shows increasing

lightness values (L*) of all colors, although the increase for white was less significant than for the

other colors. This could be the result of degradation of dye molecules on the surface of the

webbing. The general trend in reduction of a* and b* in Figure 5(b)-(¢) are consistent with the

findings in literature [11], [20], [21]. It is important to note that the color coordinates are
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independent of each other and do not influence one another directly in the CIELab color space. As
a result, changes in L*, a*, or b* represent distinct aspects of color alteration and should be
interpreted separately when analyzing color degradation.

To quantify the magnitude of color change, these components are combined into a single
metric, color difference (AE*), which allows for quantitative measure of color change over time.
The most common approach in textiles is to use CIELab as given by equation (1). It is simple and
often provides good agreement with observations by observers with average color perception. In
contrast, the CIEDE2000 formula is more complex and accounts for subtler changes in color [22].
CIEDE2000 also applies weighting and corrections for non-uniformity in human color perception
[17]. The resultant color change over time is shown in Figure 5.
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Figure 5. Color difference over time in the Weather-Ometer for 15days with 1 standard deviation
error bar - (a) CIELab (AE*s); (b) CIEDE2000 (AE*q0).

Figure 5 shows there is significant change in color as the duration of exposure increases. It
is generally accepted that AE values between 1.0 — 3.7 correspond to the perceptibility of color
difference, while values between 2.7—6.8 correspond to the acceptability of that difference [22],
[23], [24]. In textiles aesthetics also play a crucial role in discerning any materials’ utility, while

AE of 1 would be ideal since the human perception varies from person to person; hence in this
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study, a AE value of 2.7 is set as the acceptable and perceivable limit for an average observer. In
doing so, it is observed that CIELab formula overestimates the change in comparison to
CIEDE2000. This is attributed to the CIELab formula measuring the simple Euclidean distance
between colors, while CIEDE2000 corrects for human perception of chroma and hue. However,
the trend observed for both calculations shows increasing color change with increasing exposure
duration. CIELab and CIEDE2000 both agree that the color change in white webbings is
imperceptible to an untrained human eye but disagree regarding the other colors. The CIELab
formula shows perceptible color change (> 2.7) after 6 days of exposure for all colors, while
CIEDE2000 shows that the perceptible color change only occurs after 9 days for black webbings
and 15 days for both tan and navy webbings. This result is consistent with the corrections in the
CIEDE2000 formula, accounting for poor human perception of differences in high-chroma colors
(namely blues and yellows), a fact supported by the Ab* coordinates of the tan and navy webbings
in Figure 4 (c).

Normality of CIELab and CIEDE2000 were assessed within each of the 24 color-exposure
duration groups using the Shapiro—Wilk test. All groups yielded p-values greater than 0.05,
indicating that the null hypothesis of normality could not be rejected. Given that the assumption
of normality was met across all groups, a two-way ANOVA was conducted to examine the effects
of color and UV exposure duration on color change. Interaction effects between color and exposure
were also evaluated.

A two-way ANOVA was performed to assess the effects of color and UV exposure
duration on color difference for both CIELab (AE*s) and CIEDE2000 (AE*o0). The main effect
of color was not statistically significant (F(3, 120) = 1.26 and 1.125; p = 0.2907 and p = 0.3417,

respectively), indicating that the magnitude of color change did not differ significantly between
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colors when averaged across exposure durations. However, exposure duration had a significant
effect on AE* (F(5, 120) = 549.58 and 125.45, respectively; p < 0.001 for both), suggesting that
total color difference increased with longer UV exposure. Additionally, a significant interaction
was observed between color and exposure duration (F(15, 120) =190.54 and 136.78, respectively;
p < 0.001 for both), indicating that the pattern of color change over time varied among different
colors. This interaction implies that while overall color change may not differ significantly
between colors, the rate and trend of color degradation across exposure times are color dependent.
Gloss

In this study, gloss was measured in gloss units (Gr), which is a relative measure compared
to a high-gloss standard with a defined value of 100 G at a 60° angle of incidence. It is typically
expected that gloss will decrease with increasing UV exposure duration [21], [25], [26]. However,
the G values observed in this study for all colors increased as exposure duration increased contrary
to the literature as shown in Figure 4(d).

To analyze these changes, the normality of GL data was assessed within each of the 24
color-exposure duration groups using the Shapiro—Wilk test. All groups yielded p-values greater
than 0.05, indicating that the null hypothesis of normality could not be rejected. Given that the
assumption of normality was met across all groups, a two-way ANOV A was conducted to examine
the effects of color and UV exposure duration, as well as their interaction effect, on gloss change.
The results were similar to those observed for color change. The main effect of exposure duration
and the interaction effect between color and exposure were both statistically significant (p <
.0001). However, the main effect of color was not significant (p > 0.05), indicating that, while no
single color was inherently more susceptible to gloss change, the specific pattern of change over

time was dependent on the color.
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These findings can be attributed to two concurrent physical mechanisms observed in
polymers. First, the degradation of dye molecules could result in exposure of the underlying
substrate. As UV exposure breaks down the dyes, the inherently glossier nylon 66 filaments
become the dominant light-reflecting surface, potentially explaining the increasing L* values in
Figure 4(a). This is supported by the high gloss measured for the white webbings, which are
manufactured without dyes and are thus representative of the base nylon 66 filament
characteristics. Second, it has been observed that UV exposure can induce UV planarization on
polymer surface [25]. This causes the degradation of the initial asperities and peaks on the
webbing's surface resulting in surface flattening. This reduction in surface roughness could in turn
increase the reflection of incident light from the spectrophotometer, registering as higher gloss.
However, these gloss-increasing effects do not continue indefinitely. This reversal is seen in the
data for the white webbings, where gloss increased for 12 days but declined after 15 days. This
non-monotonic relationship is governed by competing physical mechanisms: (1) Initial Stage:
Effects like dye removal and UV planarization dominate, causing gloss to rise, (2) Later Stage: As
polymer chain scission becomes more severe, destructive mechanisms such as surface pitting and
micro-cracking begin to dominate, causing increase in surface roughness and subsequent decrease
in gloss.

The increasing gloss for colored webbings even after 12 days of exposure when white
webbings’ gloss decreased could be attributed to dye removal and exposure of glossier nylon 66
polymer substrate. Furthermore, our previous paper reported that SEM analysis at 50x and 500x
magnification showed no formation of cracks or pitting, which would be expected to reduce gloss
[13]. The absence of these destructive features lends support to our hypothesis that the more subtle,

gloss-increasing mechanisms are dominant in the initial phase.
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However, confirming the presence and influence of these competing mechanisms would
require direct characterization using other analytical techniques, such as SEM at higher
magnification, optical profilometry, or atomic force microscopy (AFM). This study's 15-day
duration was only sufficient to capture the initial rise and the very beginning of the subsequent
decline, further highlighting the need for such analysis.

Given this complex behavior, a simple linear regression analysis would be statistically
inappropriate and misleading. To accurately model this relationship a non-linear approach (such
as a polynomial regression) is required and would necessitate data from a much longer exposure
study to fully capture the entire degradation curve. Since the underlying mechanism is not yet fully
characterized and the current data only represents the initial phase of a complex process, a
regression analysis correlating gloss with breaking strength was not performed.

5.3.3. Breaking Strength

The mechanical properties of the webbings subjected to different durations of UV exposure
were tested following the ASTM D6775 standard. A preload of 4500 N (1000 lbs) was applied
because the machine's traversal limit of 170 mm was insufficient to break the high-strength
webbings without it. While ASTM D6775 requires testing only a single 36-inch sample to
characterize a sample lot, this study tested six replicates for each color at each exposure duration
to improve the reliability and accuracy of the results. This analysis builds upon our previous work
and utilizes tensile data from our investigation into the accelerated UV degradation of nylon 6,6

[15]. The results of the tensile tests are shown in Figure 6 (a)-(b).
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Figure 6. Breaking strength of webbings at each exposure duration with 1 standard deviation error
bar - (a) all webbings; (b) separated by color.

While breaking strength was the primary outcome, elongation data were omitted from this
report. The use of preload that exceeds beyond the requirement for removing initial slack causes
significant extension that is not recorded and prevents the accurate determination of true zero strain
starting point; therefore, elongation data were excluded in the analysis.

To assess the significance of color on mechanical properties, normality of the tensile data
was first confirmed for each of the 24 color-exposure duration groups using the Shapiro—Wilk test.
All groups yielded p-values greater than 0.05, indicating that the null hypothesis of normality could
not be rejected. A subsequent two-way ANOVA revealed that the main effects of color and
exposure duration, as well as their interaction effect were all statistically significant (p < 0.05).
These results indicate that breaking strength is dependent on the color, the exposure duration and
a combination of the two factors.

Although the loss of strength is color-dependent, this study was unable to investigate the
effect of different dyes due to intellectual property constraints. It is evident both statistically and
empirically that the specific color and its interaction with exposure duration are significant
contributors to the degradation rate. This evidence suggests that dye chemistry or processing

cannot be completely ignored; however, these factors remain beyond the scope of the current study
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and warrant a dedicated future investigation focused on the dye chemistry of nylon 6,6. The
primary goal of this work was to build a rapid method to predict strength loss based on colorimetric
changes to the webbings' physical appearance.
5.3.4. Color Difference vs Breaking Strength

The ANOVA results from the previous sections confirmed UV exposure significantly
impacts both breaking strength and color. To investigate the potential correlation between the two
properties, which forms the basis for a non-destructive predictive model, a regression analysis was
performed. The analysis modelled the relationship between breaking strength and color change
calculated using both the CIELab (AE*.,) and CIEDE2000 (AE*¢0) formulas.
CIELab (AE*u) vs Breaking Strength

Based on the preceding spectral and mechanical analyses, the relationship between

breaking strength and CIELab color change (AEav) was plotted, as shown in Figure 7.
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Figure 7. Scatterplot of CIELab color change and breaking strength with linear fitting trendline - (a) all colors; (b) white; (c¢) tan; (d)

black; (e) navy.

135



A linear regression analysis was performed to model the relationship between CIELab
(AE*a) and breaking strength. The results of the regression analysis are given in Table 3, below
while the model fit is shown in Figure 8.

Table 3. Regression models for predicting breaking strength from CIELab color change (AE*ab).

Color Regression Equation R? p
All colors Breaking Strength = 6529.37 - 187.03 x AE*y 0.595 <0.0001
White Breaking Strength = 6708.64 - 219.68 x AE*y, 0.175 0.0112
Tan Breaking Strength = 6905.65 - 388.64 x AE*y 0.889 <0.001
Black Breaking Strength = 6189.18 - 107.63 x AE*y 0.457 <0.0001
Navy Breaking Strength = 6715.60 - 216.22 x AE*y, 0.817 <0.0001

To first establish an overall trend, a linear regression model was fitted to the entire dataset,
combining all colors. The results show a statistically significant negative correlation between color
change and breaking strength (p <.001). However, the R-squared value (R? = 0.595) indicates that
this general model is insufficient for accurate prediction. This suggests that the relationship is not
uniform across all samples which is consistent with the significant interaction effect found in the
ANOVA tests. Hence, regression analysis was performed for each color to develop more robust
and precise predictive relationships. The analysis reveals a negative correlation between color
change and breaking strength stays true for all colors. However, the coefficients in the equations
differ for each color, confirming that the rate of strength loss per unit of color change is dependent
on the specific color and exposure interaction. This finding strongly highlights the possible
influence of dye chemistry or processing on breaking strength.

The analysis yielded high R-squared values for tan (R*> = 0.889) and navy (R? = 0.817),

confirming the observed trend in the graph. The analysis also showed poor R-squared values for
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white (R?> = 0.175) and black (R? = 0.457) webbings, although the p-values show statistical
significance, the model is only able to predict a fraction of the breaking strength correctly.

The predictive efficacy of the CIELab regression model appears to be strongly correlated
with high chroma colors. The highest coefficients of determination were observed for the tan and
navy colors, which possess the largest magnitudes in their respective b* and a* coordinates as seen
in Figure 4 — the primary drivers of chroma (C*). This finding is significant, as it indicates that
substantial, instrumentally measured colorimetric shifts provide robust indicators of polymer
degradation, though this predictive relationship appears limited to materials with high initial
chroma. To validate and generalize this conclusion, future work should examine a broader palette
of high-chroma webbings, such as those with vibrant red or green dyes.

CIEDE2000 (AE*gg) vs Breaking Strength

Given the weak correlation observed when using the CIELab formula for white and black
webbings, the analysis was repeated using the more perceptually uniform CIEDE2000 color
difference formula (AE*¢0). The relationship between breaking strength and AEgo is plotted in

Figure 8.
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Figure 8. Scatterplot of CIEDE2000 color change and breaking strength with linear fitting trendline - (a) all colors; (b) white; (c) tan;
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