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W N e

Abstract

Germicidal UV (GUV) technology, which utilizes light in the UV-C portion of the electro-
magnetic spectrum, has become a viable alternative to traditional chemical disinfectants to
sanitize surfaces in the built environment. However, the degradation of polymers that have
been exposed to UV-C light is a concern due to the potential change in structural integrity
and visual appearance. The resistance to UV-C degradation is often tabulated in relative
qualitative terms, making it rather difficult for designers to understand the implications of
the choice of a material of construction. This study was initiated to develop a systematic,
standardized method of exposing polymeric materials to UV-C light to ensure that the
subsequent property measurements can be compared quantitatively. The exposure method
is based on an apparatus that can be readily duplicated using commercially available
materials and equipment. To demonstrate the proposed exposure framework, samples of
six formulated polymer resins were exposed to three UV-C light sources with different
peak wavelengths (KrCl excimer lamp [222 nm], low-pressure mercury lamp [254 nm],
and LED lamp [280 nm]). Exposures were conducted at five independent laboratories,
and subsequent property testing was performed at multiple facilities using established
materials-characterization methods. This coordinated approach enables comparative eval-
uation of material responses across UV-C source types, wavelengths, and dose levels,
providing a practical foundation for developing standardized exposure methodologies
and informing future formulation development efforts. Post-exposure testing included
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quantifying changes in optical, mechanical, and physical properties, including color, gloss,
reflectivity, spectral transmittance (haze), flammability, tensile strength, and elastic modu-
lus. These measurements were conducted using established laboratory methods commonly
employed throughout the polymer and materials industries. Together, these results pro-
vide a comparative dataset illustrating how polymer properties respond to coordinated
UV-C exposure conditions, supporting the development of standardized approaches for
evaluating material durability in germicidal UV applications.

Keywords: UV; ultraviolet; UV-C; UV disinfection; polymer degradation; color change;
standard method

1. Introduction

The COVID-19 pandemic revitalized public interest in germicidal ultraviolet (GUV)
technology as an effective means of disinfecting the air and surfaces with which the
public comes into contact [1,2]. The healthcare industry is now adopting GUV technology
for use in public spaces, patient rooms, and operating rooms [3]. GUV units can be
applied in air recirculation systems and in the headspace of a room to inactivate airborne
pathogens [4,5]. These units were historically used in hospitals with significant success [6].
Whole-room GUV units can also be used as part of terminal cleaning protocols [7] to
replace manual chemical disinfection procedures, which are by nature both time and labor
intensive. Additionally, GUV cabinets are commonly used to sanitize or disinfect smaller
high-touch devices to reduce the potential effects of cross-contamination [8]. Applications
of GUV technology outside of healthcare facilities include schools, universities and colleges,
aircraft, office buildings, food-service establishments, factories, and more throughout the
built environment. The market for GUV technology is expected to grow steadily for the
next several years as employers and building managers attempt to reduce the lingering
effects of the pandemic and to mitigate the impact of absences due to SARS-CoV-2, flu
viruses, rhinoviruses, and other airborne pathogens [9]. Facilities provided for public
access such as hospitals, public transportation terminals and vehicles, shopping malls,
and indoor water theme parks can facilitate the transmission of a variety of air and surface
borne pathogens. Many of these facilities have complex designs that preclude the use of
overhead illumination due to the production of shadows. To address this, some facility
managers utilize manual application methods that are both time consuming and labor
intensive. They can also result in chemical exposures to the employees engaged in these
activities. In response, the technology sector has developed UV disinfection robots that
can roam the layout of a facility to apply UV light to locations that would otherwise
not be possible [10,11].

This renewed interest in UV-C disinfection has raised questions regarding the broader
effects of UV light on materials, particularly those materials commonly found in the built
environment. Ultraviolet light in general has the potential to degrade polymers and
other organic materials with the effects that are dependent on the UV-C source (and the
corresponding portion of the UV spectrum) used, light intensity, exposure time, and the
chemical characteristics of the material [12]. The degradation of polymers is important from
a material longevity perspective, as it affects the service life of structures and equipment.
The visual characteristics of materials are also important, as perceptions of structural
integrity, safety, and even cleanliness are often based on appearance alone. However,
whether those changes in appearance correspond to an effect on the structural/mechanical
integrity is not immediately obvious.
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As GUV equipment is applied in the built environment, there will be a commensurate
interest in specifying construction/manufacturing materials that resist the effects of UV-C
degradation. Previous studies have provided an understanding regarding certain aspects
of UV-C degradation phenomena [13]. However, they do not provide a standard method
by which materials are to be exposed to UV-C so that the effects of their degradation can
be quantitatively compared among the wide variety of materials that are available. Cur-
rently, many vendor publications provide only qualitative descriptions of UV compatibility.
The lack of a standard testing method for quantifying and comparing UV-C exposure
conditions has made choosing appropriate materials for new construction difficult [3].
Therefore, a standardized method of exposing, testing, and reporting the effects of UV-C
on materials will provide designers with a rational means of making material choices for
both product development and construction.

To address this, a collaborative study was initiated by a working group within the
International Ultraviolet Association (IUVA), which is a group of industrial, government,
and academic organizations with the mission of sharing the goal of advancing the science,
engineering, and applications of ultraviolet technologies to enhance the quality of human
life and to protect the environment. During the COVID-19 pandemic, the IUVA supported
research into the application of UV-C light to reduce the risk of SARS-CoV-2 transmission
and understand the secondary effects of UV-C light on materials.

This study is concerned with the foundational work required for the development
and demonstration of a standard method of exposing polymer samples to UV-C, resulting
in a means of producing reproducible, analytical, and quantitative results to determine
the effects of UV-C exposure. The method will be demonstrated on several commercially
formulated polymeric materials. The effects that will be quantified for comparison include
changes in color, gloss, reflectivity, spectral transmittance (haze), flammability, tensile
strength, and elasticity modulus.

2. Fundamentals of UV-C Disinfection
2.1. Historical Context

The UV-C band of light consists of wavelengths from 200 nm to 280 nm, and is adjacent
to the UV-B and -A ranges that together extend from 280 nm to 400 nm. UV light was first
used as a disinfectant in medical practice over 120 years ago, and won Niels Finsen the 1903
Nobel Prize for his work treating Lupus vulgaris [14]. In the first half of the 20th century,
UV-C light sources were used in hospitals and schools in the United States to combat
airborne pathogens [15,16]. However, widespread use of antibiotics and vaccinations in the
1960s and 70s resulted in the declining use of GUV technology [16]. More recently, the most
common application of UV disinfection has been in the water treatment industry for both
drinking and recreational water. In 2006, the US EPA published the Long Term 2 Enhanced
Surface Water Treatment Rule (LT2) [17] to address organisms such as Cryptosporidium
oocysts, which are highly resistant to traditional chemical disinfection practices.

The New York State Department of Health was the first regulatory agency in the
United States to promulgate regulations that mandate the use of GUV technology to address
chlorine-resistant microorganisms in recreational water spray grounds [18]. This was in
response to a literature review and an outbreak of cryptosporidiosis that was associated
with a spray ground [19]. An additional benefit of treating recreational water with UV-C
is that it decomposes eye and skin irritating disinfection byproducts such as mono-, di-,
and, trichloramine [20].

GUYV technology has provided some water treatment plant operators with a ready
means for complying with LT2 for their systems, allowing operators to reduce or eliminate
the use of chlorine as the primary disinfectant at the plant. However, chlorine is still
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required in the distribution system piping to suppress the regrowth of microorganisms
in the water and the development of biofilm on the pipe walls. Eliminating chlorine as
the primary disinfectant may also reduce the formation of disinfection byproducts (DBPs)
which are also a potential health risk [21,22]. Drawbacks to UV-C disinfection of water
include increased energy costs for treatment, significant capital and maintenance costs,
additional monitoring requirements, and greater engineering involvement. Data suggest
that medium pressure UV-C lamps cause radical side reactions that increase the quantity
of active chlorine in the water, thereby increasing the concentration of chloroform and
bromodichloromethane byproducts [23].

A significant barrier to widespread adoption of GUV technology for water disinfection
was the need for standardized methods for process validation, equipment installation,
and monitoring. The US EPA made a significant contribution to the industry by providing
a standardized framework for validating UV-C reactors, which provides a means of deter-
mining the operating conditions under which the equipment will deliver various degrees
of disinfection performance [24,25]. Overall, GUV technology has several benefits when
used in drinking and recreational water applications including few known disinfection
byproducts, rapid disinfection kinetics, the ready implementation of equipment into new
and existing treatment processes, high efficacy, and quantifiable treatment using readily
measured process parameters [24]. Some of these same attributes can be recognized for the
treatment of air and surfaces in the built environment. However, there exist other barriers
to implementation that do not exist in the treatment of water.

2.2. UV-C Mechanism of Action

The mechanism by which UV-C inactivates microorganisms is through damage of
the genetic material and proteins [26]. Absorbed UV-C light causes six types of damage
to the thymine and cytosine DNA bases [27-29]. The most common form of damage
occurs when dimers are formed between adjacent pyrimidines (thymine or cytosine bases)
on the same DNA or RNA strand [24]. Protein and DNA crosslinks also occur due to
UV-C exposure [30]. UV-C light also damages the genetic material of a microorganism via
the dimerization of thymine and uracil bases. This renders the microorganism unable to
transcribe some proteins or replicate its genetic material. In this condition, the organism
is considered to be inactivated, as it continues to live, but it cannot reproduce or cause an
infection and ultimately dies. Inactivation occurs after around 100 dimers are formed [31].

Ultraviolet light in the wavelength range of 200 to 300 nm is considered germicidal,
and the peak energy absorption of DNA and RNA occurs around 265 nm [24,32,33]. Mi-
croorganisms have varying sensitivities to UV-C light depending on their structural and
chemical makeup [24,34]. In some cases, the process of disinfection is complicated by the
repair mechanisms performed by some microorganisms where they selectively undo the
UV-C-induced genetic damage [35-37]. For this reason some organisms and viruses require
a large dose in order to effect sufficient genetic damage for which the repair mechanisms
cannot compensate [24,38]. Additional data demonstrate how some organisms and surro-
gates have sensitivity to wavelengths below the values where DNA/RNA absorb most
effectively [26,39,40]. The response of microorganisms to the so-called “far UV-C” area of
the spectrum generated by excimer lamps, which have a peak output at 222 nm, is not as
well-understood, though the mechanisms are expected to be relatively similar. Far UV-C
disinfection is an ongoing field of study [3,31,41].

2.3. Material Degradation Effects from UV Exposure

The effects of UV light on polymeric materials occur via several mechanisms including
the initiation of reactions, cross-linking, or breaking chemical bonds thereby leading to ma-
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terial damage. These processes are generally well-understood [42,43]. However, mid- and
long-term material degradation effects from photons in the UV-C band are not well-known.
Since Earth’s atmosphere filters out photons from the UV-C band, material degradation
from these photons is often not relevant compared to other modes of aging or degradation.

The mechanism of material degradation occurs at the molecular level via the absorp-
tion of UV-C photons and electron excitation. With sufficient energy, the result is the
production of free radicals, breakdown of molecular bonds, and reduction of the average
molecular weight of the polymer chains in the substrate. The photochemical reaction in
a polymer proceeds by a free radical process where the absorption of a photon initiates
a chain reaction mechanism that is determined in part by the duration and intensity of
exposure to UV light [44].

Several studies have examined UV-C degradation mechanisms and the rate of decom-
position. Yates et al. studied the effects of UV-C on various aircraft materials to determine
whether UV-C disinfection would affect aircraft cabins, concluding that there was little
risk of degradation given the expected exposure conditions [45]. Mitxelena-Iribarren et al.
considered the possible effects of UV degradation from whole-room disinfection equip-
ment, concluding that while appearance was affected, the mechanical strength loss was
not substantial given their protocols [46]. Kaewkam et al. studied the effects of UV degra-
dation on LDPE films infused with TiO; as a photocatalytic initiator [47]. Their work
demonstrated how the photocatalytic process due to the presence of TiO, assisted in the
degradation of plastic film. Askola et al. and Kwon et al. observed degradation of LED and
OLED performance, due to damage from UV-C sources [48,49]. Akbay and Ozdemir noted
the degradation of polycarbonate from UV exposure in consumer products [50]. Various
groups have studied the use of GUV technology for disinfecting and reusing N95 and K95
respirators with attention given to material degradation [51-54].

There are some growing concerns about the secondary chemistry effects from pro-
longed far UV-C exposure (222 nm sources) in the built environment. Graeffe et al. found
that high-intensity UV-C sources substantially increased the concentration of air particu-
lates and evolved gas species [55]. Ozone production and resultant byproducts of secondary
chemistries remain another cause for concern, and ongoing work from other groups is
investigating these effects [56-58].

Existing measurements are informative from a qualitative perspective. However,
they cannot be compared readily, as they are typically not obtained using a systematic,
standardized, and reproducible exposure method that produces readily comparable results
for UV-C sources. Moreover, only recently has GUV technology been considered for
widespread, persistent use in the modern built environment, rendering it a newly relevant
concern for material selection. Among the problems with choosing a construction material
is the unqualified method of characterizing UV-C resistance. Many material specifications
provide a qualitative/relative listing of general UV resistance with little detail regarding
the conditions under which this characterization was made.

3. Materials and Methods

The effects of UV-C light on polymeric materials are determined by their chemical
properties, the UV spectrum of the radiation, and the dose provided to the sample. A stan-
dardized exposure method /apparatus has been developed using readily available materials
and components as shown in Figure 1a. A schematic of the apparatus is also shown in
Figure S1 of the supplementary material. The exposure apparatus consisted of a lower
platform of adjustable elevation on which samples were placed for UV-C exposure. A UV-C
source was fixed to an upper structural member above the platform to allow the UV-C
source to produce light normal to the sample surface. Using a radiometer, the irradiance

https://doi.org/10.3390/standards6020023


https://doi.org/10.3390/standards6020023

Standards 2026, 6, 23

6 of 24

(intensity) was recorded on the coupon platform surface directly under the center of the
UV-C source with this spot marked as the center of the template. Irradiance was measured
at the sample plane using radiometers equipped with cosine-corrected photodiode sensors.
All instruments used by participating laboratories were NIST-traceable at the relevant UV-C
wavelength and had been calibrated within the preceding two years.

L] ®
2

Figure 1. (a) The exposure box at one of the exposure laboratories (Heraeus), (b) the layout for sample
testing with dosimeter cards for determining irradiance uniformity, and (c) the layout for testing
tensile bars.

While monitoring the irradiance, the elevation of the platform was raised or lowered
until the value fell in the acceptable range of 1.0 mW/cm? (1.0 mJ/cm? per second) =+ 10%.
The height between the UV-C source and the sample surface was measured and recorded.
A 3 x 3 grid was established to allow for nine sample coupons to be exposed at one time
without overlap (see Figure 1b).

Next, dosimeter cards (Intellego Technologies, Stockholm, Sweden) were placed across
the exposure area and exposed to the UV source for 50 s for a dose of 50 mJ/cm? to
assess exposure uniformity. An alternative embodiment of the exposure apparatus may
include the use of a collimated beam apparatus to further improve the uniformity of the
UV-C irradiance on the sample platform. The stated irradiance of 1.0 mW/cm? + 10%
was used for all exposures regardless of the UV-C wavelength. This +10% range served
as the practical uniformity criterion for the exposure field. The dosimeter cards were
removed and compared to the color chart to validate the radiometer measurements and
exposure uniformity.

The UV-C exposure platform was divided into a 3 x 3 grid pattern, allowing for a
total of nine sample coupons to be exposed at the same time. Eight samples were placed
around the center sample where the radiometry was validated as shown in Figure 1b,c.
A fan was installed to maintain a constant sample surface temperature and to convey away
any evolved chemicals such as ozone. The method/apparatus was reproduced at five
independent exposure laboratories as listed in Table S1 in the Supplementary Material.
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Subsequent to exposure, the samples were tested at several external facilities (as listed in
Table S2 in the Supplementary Material) for quantitative comparison.

The materials evaluated in this study are summarized in Table 1, which serves as
the primary reference for material designations and identifiers. Six formulated polymer
resins were selected for this study based on their common use in cabinetry and furnishings
found in a wide range of commercial facilities, including healthcare, hospitality, transporta-
tion, and retail stores, where there would be a high potential for UV-C exposure during
disinfection. The materials include three formulations of polycarbonate (Lexan FST9705,
Lexan ML 4539, and Makrolon 2558), two formulations of PVC (PVC and Kydex 6565) and
one formulation of acrylic (PMMA). Of the materials tested, polyvinyl chloride (PVC) is
found ubiquitously throughout the drinking water, recreational water, and wastewater
environments [59]. The details and sources of the tested materials are listed in Table 1.

Table 1. Description of materials tested.

Material Polymer Material Grade Supplier

Kydex 6565 Acrylic-PVC Flame retardant grade Sekisui Kydex *
Lexan FST9705 PC copolymer: polycarbonate ester Flame retardant grade Sabic/Polyvantis **
Lexan ML 4539 Polycarbonate (PC) Aircraft grade Sabic/Polyvantis **
Makrolon 2558 Polycarbonate (PC) Medical grade Covestro t
Polymethyl methacrylate Polymethyl methacrylate (PMMA) Industrial (Inhaler box)  Proprietary
Polyvinyl chloride Polyvinyl chloride (PVC) Commercial Proprietary Proprietary

* Weiterstadt, Germany; ** Coldwater, MI; t Baytown, TX; { Proprietary.

The material samples were exposed to commonly used or emerging UV-C radiation
sources including a KrCl excimer lamp (peak wavelength 222 nm [60]), low-pressure
mercury lamps (peak wavelength 254 nm [17,24,61]), and an LED source (peak wavelength
280 nm [62]). Five laboratories exposed the samples to varying doses (see Table S1 in the
supplementary material). All irradiance measurements were obtained using the calibrated
radiometric systems described above. All radiometers had a NIST-traceable calibration at
the peak UV-C wavelength and had been calibrated in the prior two years.

UV-C doses of 30 J/cm?, 150 J/cm?, and 500 J/cm? were employed by exposing the
samples with an irradiance of 1.0 mW/ cm? and exposure times of 8.33 h, 41.7 h, and 139 h,
respectively. These doses were based on several factors, including typical “frequency of use”
patterns, dosages necessary to kill/inactivate common human pathogens on environmental
surfaces with an appropriate log reduction, daily disinfection protocols, and a reasonable
estimate of material product life [34]. For example, a UV-C dose of 0.01 J/cm? (10 m]/cm?)
should provide a 3-log reduction (99.9%) of SARS-CoV-2 [1,2] or Staphylococcus aureus [34].
Estimating 300 uses per year and an expected asset life of 10 years, a cumulative dose
of approximately 30 J/cm? would be anticipated. At the other extreme, greater UV-C
exposure over time might be encountered for the dose necessary to inactivate/kill more
resistant organisms, such as Clostridioides difficile, with exposure occurring several times per
day over a longer time period, so testing was also performed at a dose of 500 ] /cm? [34].
The organisms that a facility expects to face significantly influence the choice of UV-C
source and total dose and therefore the material degradation that can incur during the
disinfection process. This emphasizes the importance of properly understanding the range
of doses and potential degradation effects.

All material samples were fabricated by a task force participant (RTP Company, Winona,
MN, USA) into either rectangular sample coupons (L x W x D, 3 in x 2 in x 0.125 in) or
tensile bars (L x W x D, 170 mm x 20 mm X 4 mm), as described in ISO 527-1 [63] type 1a,
which were then sent to separate exposure laboratories [63]. Technical staff wore gloves
when handling samples before and after UV-C exposure, consistent with ASTM G147 [64].
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An electronic thermometer with a fine gauge thermocouple was used to measure tem-
perature during the test exposure. One thermocouple was attached to the surface of the
center sample with polyimide tape. Another thermocouple was affixed to a sample of
the same material being tested adjacent to the center piece to monitor the temperature
and to ensure isothermal conditions existed across the exposed surface. During exposure,
cooling fans were used as needed to maintain a temperature of 25 °C & 5 °C. The cooling
fans also provided sufficient airflow to sweep any ozone away from the test coupons.
During exposure, a hygrometer was used to monitor and record the relative humidity to
verify that conditions were comparable among laboratories. Relative humidity was not
specified as a controlled parameter, and exposures were conducted under typical indoor
laboratory conditions at each site. After exposure, each sample coupon was placed in a
polyethylene or polypropylene zip-top bag and stored in a climate-controlled space before
being shipped to the designated testing facilities. Efforts were made to minimize sample
abrasion during handling, storage, and shipping.

The sample coupons were run in duplicate for each material at each facility for the
three UV-C dosages of 30 J/cm?, 150 J/cm?, and 500 J/cm?. Unexposed samples were kept
for comparison as controls. This process was repeated for each UV-C source (KrCl excimer,
low-pressure Hg, and UV LED). The sample exposure platform had sufficient space to
expose nine samples at a time. Therefore, the samples were run in batches of nine. A set of
five tensile bars from each material type was tested at a cumulative exposure of 500 J /cm?
along with a set of unexposed control samples for baseline comparison.

All exposed and control samples were sent to the testing laboratories listed in
Table S2 for testing and analysis as described below. Additional notes on UV-C expo-
sure method/apparatus construction and use are available in this paper’s Supplementary
Material. Unexposed control samples were included in the testing analysis to establish
baseline material properties and to enable the interpretation of exposure-induced changes,
rather than to assess interlaboratory measurement variability.

3.1. Color Change

Polymers exposed to UV-C light often manifest a change in color due to degradation.
Color change has been associated with the absorption of UV-C light by chemical bonds,
which initiates surface oxidation and some degree of photo-oxidative degradation [42].
Color measurements were made at Syensqo (Testing Lab 1) using a X-Rite (Grand Rapids,
MI, USA) Color i7800 spectrophotometer in the CIELAB color scale with 10° standard
observer, specular component included under illuminant A. At Boeing (Testing Lab 4),
color measurements were made using a Konica Minolta (Ramsey, NJ, USA) CM3700A
integrating sphere spectrophotometer, in the CIELAB [65] color space with 10° standard
observer and the specular component included under illuminant A. Readings were taken
using the standard L*C*H notation specified by CIELAB. The color difference (AEf, ;)
was calculated using the equation specified in ASTM D2244 [66] where

i AL*\?  [AC*\? [AH*\?
ssene = (P + (25) + () g

and the color parameters S, S, and Sy were defined using values that are within the

industrially accepted ranges. The values of AE, - were then obtained from the measured
L*C*H values of the sample and reference materials. The calculated quantity AEZ,,~
is a dimensionless quantity. The average person will not notice a AE7,,- of less than
approximately two to three and, depending upon the application, changes of less than
six may be acceptable. For more information, the interested reader is referred to Delgado-
Gonzalez et al. [67].
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3.2. Gloss Change

Specular gloss changes are typically the result of a change in the surface roughness of
a material. In traditional weathering studies, this can be caused by erosion, hydrolysis from
exposure to light and water, or mechanical degradation such as crazing, micro-cracking,
or pitting. Similarly, UV-C degradation can cause reduction in gloss via crazing, micro-
cracking, and pitting but can also result in powdery degradation byproducts. The type
of UV-C mediated damage and the mechanism by which it occurs is dependent upon the
polymer formulation. Surfaces can be examined microscopically to determine which type
of surface degradation is causing the gloss change; however, this analysis was beyond the
scope of this study.

In this study, gloss change was characterized using ASTM D523 [68]. Gloss (reported
in spectral gloss units, GLU) is measured using an arbitrary scale, with zero being a
surface with no reflected light, and 100 set as the reflection from a defined standard surface.
The standard allows for measurements of specular reflectance at three different angles (20°,
60°, and 85°), although in this study, only 60°was used.

3.3. Reflectivity

Reflectivity, or reflectance, is a measure of the ability of a surface to reflect radiation.
In this study, reflectivity (of visible wavelengths) provides an additional indication of
the surface changes of a material after they have been exposed to UV-C. Reflectivity was
characterized using ASTM F1252, [69] which measures reflected light from substantially
flat samples made from transparent materials.

3.4. Spectral Transmittance

Light transmittance describes the amount of light energy that a material absorbs,
reflects, and scatters, which is the ratio of the amount of light energy incident on a surface to
that transmitted through it. When this quantity is measured with respect to the wavelength,
it is referred to as spectral transmittance. Variations in the spectral transmittance due to
UV-C exposure can be due to changes in surface roughness or volume scattering. Since
UV-C penetration depth in polymers is relatively low, changes in light transmittance are
mainly attributed to changes in surface roughness. Spectral transmittance was characterized
in this study using ASTM E903 [70]. The Lexan ML 4539 samples were omitted from
transmittance studies due to a limitation of laboratory capacity.

3.5. Flammability

Flame spread or propagation across a surface is an important property, as there
are many commercial applications where it must be demonstrated that materials con-
tinue to meet the flammability requirements over their expected lifetime. The impact of
UV-C light on the flammability properties of polymers is not well-known [71]. Commer-
cial suppliers provided fully formulated thermoplastic sheets for our study, which were
then cut to standard test coupon sizes. Testing Lab 4 created test coupons measuring
3.0in x 12.0in x 0.125 in from each sample sheet for UV-C exposure. Of the six previously
noted polymers in this study, Lexan FST9705 was omitted from the flammability test due to
exposure space constraints. The minimum UV-C dose for test coupons was 500 J/cm? from
a 222 nm light source. After exposure, the test specimens were conditioned at 70°+ 5°F
and 50% =£ 5% relative humidity for a minimum of 24 h prior to flammability testing.
Control samples were stored inside a dark cabinet at ambient temperature and pressure
prior to testing.

Flammability is measured using the 60-second vertical Bunsen burner (VBB) test as
defined in 14 CFR 25.853(a) [72]. This test method measures the propensity of a material to
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self-extinguish or to allow flames to spread once it has been ignited. The test procedure
entails placing a sample in a Bunsen burner flame in a vertically aligned position at the
central bottom edge of the sample’s front face. The flame is applied for 60 s and then
pulled away from the sample. The three burn test parameters include burn length (BL),
self-extinguishing time (SET), and drip. The burn length represents the amount of time
required for the flame to travel six inches. The self-extinguishing time represents the
amount of time the test coupon continues to burn after the sample is removed from the
Bunsen burner flame. The drip observations record whether or not the material drips
as it burns.

3.6. Tensile Strength and Modulus of Elasticity

The effect of UV-C induced polymer degradation on mechanical properties is impor-
tant from health and safety and equipment service life perspectives. For this reason, tensile
strength and modulus of elasticity were determined to be the most relevant mechanical
properties that determine the structural integrity of a piece of equipment manufactured
from a polymer that is exposed to UV-C.

The quantitative mechanical stress—strain response was characterized using ISO 527-2 [73]
(with a type 1a tensile bar, see Figure 1c). To perform these tensile tests, the “dumbbell-
shaped”, which are also called, “dog bones” test specimens were placed in the grips of
a universal testing machine (UTM) and subjected to controlled stress until they failed.
The applied stress was varied by specimen type to achieve a 1% /min strain rate, and an
extensometer was used to measure the stress—strain parameters. The resulting tensile test
data were used to report both tensile strength and modulus of elasticity. The modulus of
elasticity is the rate of the stress to the amount of strain at the failure point where

stress

= 2
AME strain @)

4. Results and Discussion

This study used the aforementioned quantitative techniques to analyze the effects of
UV-C exposure on several visual and mechanical properties of six polymer formulations.
The effects of UV-C on each of the measured properties is discussed individually below.

The results presented here are discussed primarily in terms of material-response
behavior under coordinated UV-C exposure conditions, rather than as a formal assessment
of interlaboratory quality-control performance. This emphasis highlights differences in
polymer response across UV-C wavelength, source type, and dose, and demonstrates the
need for standardized exposure methodologies. The present work therefore focuses on
identifying response trends and practical considerations that inform ongoing efforts toward
standard development, while comprehensive interlaboratory variance analysis remains
a subject for future study. Please note that a significant number of tables and figures are
contained in the Supplementary Section.

4.1. Color Change

Color change has been determined to be an early indicator of surface degradation due
to UV-C. The parameter AE} -~ (Equation (1)) provides a quantitative measurement of the
relative change in color among the materials tested and the applied doses. A summary of
the data is provided in Table 2 and is shown plotted in Figure S2. The values of AE}. - are
expressed in color change “units” and represent the averages of the measurements that
were made at both laboratories (Testing Lab 1, Syensqo and Testing Lab 4, Boeing). These
comparisons are presented to illustrate relative material sensitivities under coordinated
exposure conditions, rather than to rank exposure laboratories or quantify interlaboratory
variability. The measured values were consistent and therefore the presented values are
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representative of the measurements that were made. They are tabulated in Table 2 and
visualized in Figure S2.

The measured values of AE?, - for the tested materials ranged between 1.5 and
48 color units. As noted previously, a color change is noticeable for values of AEf, - of
greater than approximately 2 or 3. As shown in Table 2 and Figure S2, the majority of the
exposed samples would have changed color a sufficient amount to be visually apparent.
However, the samples of Makrolon 2558 and PMMA that were given doses of 30 and
150 J/cm? exhibited color changes that would be barely noticeable.

Table 2. Summary of color change as determined using the value of AE}. ;- as defined in Equation (1).
The color change values are the averages of the readings taken.

Wavelength, nm KrCl Excimer Lamp Low-pressure Hg Lamp UV-LED

Dose, (J/cm?) 30 150 500 30 150 500 30 150 500
Material AEE e

Kydex 6565 5.8 5.6 6.5 6.3 8.4 9.3 47 8.3 9.8
Lexan FST 5.5 55 6.7 6.5 8.3 9.1 43 8.1 9.2
Lexan ML 4539 17 17 8.1 4.6 8.7 11 41 10. 14
Makrolon 2558 2.3 32 3.7 1.7 3.8 52 2.6 54 8.1
PMMA 1.5 29 45 1.0 2.3 4.6 0.80 21 4.0
PVC 31 41 45 13 40. 48 11 24 39

For most samples, the relative color change increased with dose, except for Lexan
ML 4539, which exhibited a decrease in the value of AE?, - between the applied doses
of 150 and 500 J/cm?. The change in color for all of the materials tested was not linearly
proportional to the applied dose of UV-C. More specifically, the magnitude of the color
change corresponding to an applied dose of 30 J/cm? was followed by a smaller incremental
change for the 150 and 500 J/cm? doses. The precise reason for the decreasing color change
with dose has yet to be determined conclusively. One theory is that this effect is most
pronounced in a thin surface layer due to the low penetration depth of the UV-C photons.
An alternative theory is that the degradation products protect the material underneath
thereby reducing the amount of color change due to degradation.

The color change experienced by the PVC samples was by far the most significant,
where the values of AEY, - were between five and ten times the values for most of the other
samples. The significant change in color of exposed PVC, relative to the other materials
tested, is consistent with field experience with UV reactors (water disinfection units).
Engineers have noted Sch 40 PVC pipe (typically white in color) changes color soon after
system startup and that the plastic becomes brittle and “chalky”. Pipe bursts have been
known to occur due to degraded pipe material. This results in the need for the Sch 40 PVC
piping to be replaced within a couple of years of its installation [74].

4.2. Gloss Change

Surface degradation manifests as a change in the specular gloss of a surface, which can
represent several different decomposition mechanisms. The gloss retention was calculated
by dividing the gloss value for an exposed sample by the value that corresponds to an
unexposed sample. Gloss retention values of approximately 90% or higher would typically
not be discernible to the human eye. Although gloss was measured at the dose intervals
of 30, 150, and 500 J/cm?, only the gloss value that corresponds to 500 J/ cm? is shown in
Table 3 for the sake of brevity. The specular gloss of the exposed samples did not change
significantly. A gloss retention of >85% was measured for all of the samples tested with
the exception of PVC, which exhibited a gloss retention as low as 57%. Contrary to our
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expectations, some samples exhibited an increase in specular gloss for some of the samples
of polycarbonate (Lexan FST9705 & Macrolon 2558) and acrylic (PMMA). The observed
increases in gloss for some materials may reflect changes in surface roughness, cleaning
effects, or other surface phenomena; additional surface characterization would be required
to determine the underlying mechanism.

Table 3. Gloss values from samples exposed to UV-C light.

UV-C Lab 3 (222 nm) UV-C Lab 4 (222 nm)
Sample ID Gloss (Control), Gloss (500 J/cm?),  Gloss Retention, Gloss (Control), Gloss (500 J/cm?),  Gloss Retention,
% % % % % %
Kydex 6565 95.0 65.0 68.0 95.0 89.0 94.0
Lexan FST 110. 107 97.0 110. 106 96.0
ML 4539 96.0 95.0 99.0 103 97.0 94.0
Makrolon 108 110. 102 103 105 102
PMMA 82.0 84.0 102 81.0 88.0 109
PVC 73.0 43.0 59.0 73.0 42.0 58.0
UV-C Lab 1 (254 nm) UV-C lab 2 (254 nm)
Sample ID Gloss (Control),  Gloss (500]/cm?),  Gloss Retention Gloss (Control), Gloss (500]/cm?),  Gloss Retention,
Yo % (%) % % %
Kydex 6565 95.0 86.0 91.0 98.0 93.0 95.0
Lexan FST 110. 110. 100. 110. 112 102
Lexan ML 4539 103 98.0 95.0 99.0 97.0 98.0
Makrolon 102 110. 108 103 110. 107
PMMA 81.0 83.0 102 83.0 82.0 99.0
PVC 73.0 66.0 90.0 75.0 64.0 85.0
UV-C lab 5 (280 nm)
Sample ID Gloss (Control), Gloss (500]/cm?),  Gloss Retention,
Y% % %
Kydex 6565 94.0 81.0 86.0
Lexan FST 110. 100. 91.0
Lexan ML 4539 94.0 90.0 96.0
Makrolon 112 110. 98.0
PMMA 81.0 76.0 94.0
pPVC 73.0 74.0 101

Of the combinations of material and light sources tested, PVC exhibited the greatest
reduction in gloss for exposure to 222 nm UV-C (UV-C Lab 3 and Lab 4) and 254 nm (UV-C
Lab 2). There is a single inconsistency in the change in gloss for PVC for the exposure to
222 nm UV-C between the two exposure facilities (Lab 3 and Lab 4). Further measurements
will be needed to resolve this discrepancy.

In summary, the majority of samples either lost very little or gained a small amount of
gloss between the unexposed and exposed conditions. PVC appears to be the most sensitive
to specular gloss change after exposure to UV-C. This is consistent with the findings of
color change for PVC.

4.3. Reflectivity

The effect on reflectivity of visible light by exposing polymer samples to UV-C was
found to be dependent on material /formulation, UV-C source, and dose. Figure 2 summa-
rizes the measured reflectivity of each material as a function of UV-C source and dose across
participating laboratories. For most materials, reflectivity remained relatively stable over
the tested dose range, indicating that the exposures did not strongly alter bulk reflectivity
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within the studied interval. Instead, the dominant differences observed were associated
with material formulation, with the various polycarbonate and PVC formulations exhibiting
distinct reflectivity levels that were largely preserved across dose and laboratory.
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Figure 2. Effect of exposure dose and UV-C source on reflectance.

The three polycarbonate formulations (Lexan FST, M2558, and ML 4539) showed
measurable differences in reflectivity relative to one another, but each formulation exhibited
only modest variation with increasing UV-C dose. The two PVC formulations behaved
similarly to one another, suggesting that formulation differences within that polymer
family had limited influence on reflectivity response under the tested conditions. PMMA,
as the only acrylic tested, cannot be directly compared to a second acrylic material, but its
reflectivity values were similar to those observed for PC Makrolon 2558.

Some source-dependent effects were observed. For the exposure to UV-C produced
by LEDs (peak wavelength 280 nm), three materials (PC copolymer FST9705, PC MLA4539,
and PVC K6565) showed increased reflectance at the highest dose of 500 J/cm?. The mecha-
nism underlying this behavior is not yet understood and warrants further investigation,
but the observation highlights some potential for wavelength-dependent optical responses.
Overall, the relatively tight clustering of values for a given material/source combina-
tion suggests that the coordinated exposure approach produced comparable reflectivity
measurements across laboratories.

4.4. Spectral Transmittance

Polymer samples were exposed to the three specified UV-C doses (30, 150, and
500 ] /cm?) as capacity allowed and tested subsequently for spectral transmittance (haze),
which is the ratio of the amount of light passing through a sample to the incident light
on its surface. The data supply convincing evidence that the standard method provided
a means for independent laboratories to produce consistent results for a given material,
UV-C source, and the three doses (30, 150, and 500 J/cm?) as shown in Figure 3. A plot
of a subset of the entire dataset is shown in Figure 3, and the entire set is shown in the
Supplementary Figures (Figures S3-57).
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Figure 3. Spectral transmittance of Lexan FST9705 and PVC post UV-C exposure. (a) Samples of
Lexan FST9705 exposed at Boeing using a 222 nm KrCl excimer lamp. (b) Samples of PVC exposed
at Boeing using a 222 nm KrCl excimer lamp. (c) Samples of Lexan FST9705 exposed at Atlas using
a 254 nm low-pressure mercury vapor lamp. (d) Samples of PVC exposed at Atlas using a 254 nm
KrCl excimer lamp. (e) Samples of Lexan FST9705 exposed at Aquasense using a 280 nm LED lamp.
(f) Samples of PVC exposed at Aquasense using a 280 nm LED lamp.

The results of exposing the polymer samples to 30, 150, and 500 J/cm? of UV-C
and subsequently measuring the change in transmittance (haze) demonstrated consis-
tency and repeatability for the exposure method/apparatus that was used in this work.
Figures 3a,c,e and S3a—f show the plotted results of transmittance measurements for Lexan
FST9705. The data indicate how the transmittance corresponding to exposed samples
does not change significantly for those coupons exposed to UV-C generated by KrCl, low-
pressure Hg, and LED sources. However, the maximum change in transmittance was
observed for those samples that were exposed to LED sources. An unexpected outcome of

https://doi.org/10.3390/standards6020023


https://doi.org/10.3390/standards6020023

Standards 2026, 6, 23

15 of 24

plotting the data is the difference between the response curves for the samples exposed to
KrCl sources (Apeax =222 nm) UV-C at Boeing and Ushio. The shapes of the transmittance
curves are similar, but the maximum scaled values differ between the two facilities. How-
ever, the response curves obtained at Ushio (Apeax = 222 nm) are similar in both shape and
magnitude. Otherwise, it is clear that transmittance changes for Lexan FST9705 are small
and that the maximum effect occurred for the UV-LED sources that have a peak wavelength
of 280 nm.

The effects of exposing PVC to UV-C varied by both light source and dose as shown in
Figures 3b,d,f, and S4a—f. Similar in behavior to the Lexan FST9705, there is a significant con-
sistency among the various exposure and testing laboratories. The most significant effects
correspond to PVC exposed to the low-pressure Hg UV-C source. However, the transmit-
tance values change more significantly for PVC than for Lexan FST9705. It is important to
note how Figure 3 plots the difference in transmittance relative to the unexposed condition.
An interesting conclusion that can be drawn from the data in this plot is that the change in
transmittance of the PVC follows a near exponential law, where the change in transmittance
can be described empirically with

%AT ~ A(1 —exp(—B - Dose)) 3)

where the values of A and B are determined empirically (see Figure 4). The decelerating
effect of UV-C dose on the percent transmittance change suggests a surface phenomenon
because UV-C penetration is low and/or the decomposition products provide a degree of
protection to the layers beneath the decomposed material. Further investigation is needed
to determine the cause of this effect.
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Figure 4. The relative change in the difference in transmittance values for PVC exposed to 30, 150,
and 500 J/cm? of UV-C radiation produced by a low-pressure mercury lamp (peak wavelength, 254 nm).

The effects of exposure of PMMA, Makrolon 2558, and Kydex 6565 will be summarized
and discussed together because the effects of UV-C exposure on transmittance are similar
regardless of the source, exposure facility, or testing laboratory. Although the transmittance
curves varied in shape among the tested materials, it can be readily seen in Figures S3-57
that the changes in transmittance are small irrespective of the source and dose. Therefore,
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based on the testing performed, it can be concluded that the transmittance of Lexan FST9705,
PMMA, Makrolon 2558, and Kydex 6565 changed little for the applied doses of 30, 150,
and 500 J/cm?. However, the transmittance of PVC changed significantly for the applied
doses, and the effects of exposure decelerate with advancing UV-C dose as shown in

Figures 4 and 5.
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Figure 5. Relative change of transmittance for PVC for wavelengths 400nm < A < 780nm after
exposure to 30, 150, and 500 J/cm? of UV-C radiation produced by a low-pressure mercury lamp
(peak wavelength, 254 nm).

4.5. Flammability

One of the concerns regarding the exposure of polymers to UV-C is that the degrada-
tion products are lower in molecular weight and as a result may also be more flammable
because their combustion kinetics are more rapid. To determine the importance of this ef-
fect, the exposed samples were subjected to flame testing. The results from vertical Bunsen
burner testing do not suggest a significant impact on flame spread from UV-C exposures of
500 J/cm? or less for the materials tested in this study as shown in Table 4. This is to be
expected since flammability is largely a bulk property, and UV-C exposure to the doses
used in this work primarily impacts the surface of the test sample. We suspect that the
mass of material degraded on the surface of the samples is small relative to the bulk sample,
and any effect is either not measurable by this method, or the degradation products behave
similarly to the parent material. Investigation of the identity of degradation byproducts will
help resolve these questions. Additional effort to isolate the surface material may be needed
to determine how combustion kinetics vary between degraded and unexposed material.
Table 4 shows how polycarbonate (Lexan 4539) increased in flammability approximately
30-40% but still passed the flammability threshold requirement. This is inconsistent with
the results obtained for other materials. The increase in flammability is also inconsistent
with the theory that the effects of UV-C are limited primarily to the surface. Further analysis
is needed to clarify this inconsistency, as the phenomenon is not well understood. Average
burn length and self-extinguishing times for all test samples for both before and after
UV-C exposure met the parameters of 15 s for self-extinguishing time and six inches for
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burn length, except for PMMA. However, PMMA failed to meet standards prior to UV-C
exposure, and the burn length time did not change.

Table 4. Summary of the flammability test (VBB-14 CFR 25.853(a)). The minimum energy dose was
500 J/cm? using a KrCl UV-C source, Apeak = 222 nm.

Material PVC Polycarbonate Kydex 6565 PMMA
Makrolon 2558 Lexan ML 4539 PVC Blend (Acrylic)
Burn
Parameter SET * BL ** SET * BL ** SET * BL ** SET * BL ** SET * BL **
Coupon No. Test sample/Control sample
1 0/0 2.3/2.5 0/0 0.80/1.0 0/0 1.0/15 0/0 0.90/0.80 -/- 12/12
2 0/0 2.3/2.2 0/0 1.0/1.0 0/0 11/14 0/0 1.0/1.0 -/- 12/12
3 0/0 2.5/2.0 0/0 1.0/11 0/0 11/15 0/0 1.0/1.0 -/- 12/12
4 0/0 2.0/2.1 0/0 1.0/1.2 0/0 1.0/1.5 0/0 1.0/1.0 -/- 12/12
5 0/0 2.3/3.0 0/0 12/11 0/0 1.0/1.5 0/0 0.90/1.2 -/- 12/12
Test sample
x 0/0 2.4 0 1.0 0 1.1 0 1.0 - 12
o 0 0.18 0 0.14 0 0.05 0 0.05 n/a n/a
Control sample
x 0 2.3 0 1.1 0 15 0 1.0 - 12
o 0 0.40 0 0.08 0 0.04 0 0.14 n/a n/a

Sample rating
control/exposed

Pass/Pass Pass/Pass Pass/Pass Pass/Pass Pass/Pass Pass/Pass Pass/Pass Pass/Pass Fail/Fail Fail /Fail

* Self-extinguishing time (SET) requirement = 15 s, ** Burn length (BL) requirement = 6 inches. The data are
reported as the value for the unexposed condition followed by the value corresponding to the exposed condition.
Note: Lexan FST9705 was omitted from this test.

4.6. Tensile Strength and Modulus of Elasticity

The tensile strength and modulus of elasticity represent the mechanical properties
that are relevant to the structural integrity of construction materials and are manifestations
of the bulk material. As discussed previously, UV-C exposure affects the integrity of the
surface of the sample materials for the doses applied in this work. Therefore, it is quite
reasonable that both the tensile strength and modulus of elasticity values were not affected
significantly, which can be seen in Table 5 and Supplementary Figures S8-S11.

Comparing the UV-C exposed samples to the controls, there were no substantial
differences in the tensile strength and modulus of elasticity observed for PMMA, Lexan ML
4539, Kydex 6565 and Lexan FST9705. For Makrolon 2558 the tensile strength of the exposed
samples was not affected by the exposure. However, for the modulus, three of the five
Makrolon test samples exhibited a higher modulus than the five control samples, leading
to a 13% increased average modulus of 2903 MPa (o = 290) as compared to the unexposed
samples which measured 2565 MPa (o = 69). However, a statistical 2-sample t-test shows
this difference not to be statistically significant with a 95% confidence interval. The results,
in duplicate, for 254 nm exposure are shown in Table 5 and plotted in Figures S8-511 in the
Supplementary Material.
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Table 5. Effect on tensile strength by the exposure to UV-C light.

Lamp: KrCl Excimer, Apeac = 222 nm, Exposure Dose 500 J/em? at UV-C Lab 3, Evaluation at Test Lab 4.

Control Exposed % Change (Relative to Control)

: Tensile Tensile .

Material SI:I(:I' (l)(fes Strength, Lo Modulus o SI;I:I' (l)cfes Strength, o Modulus Lo S{i;lzllt‘eh Modulus
P MPa P MPa 8

Kydex 6565 5 67.7 1.2 2648 120 5 68.4 0.46 2620 83 1.1 —1.1
Lexan FST970S 5 64.1 091 2586 190 5 63.7 0.26 2648 160 —0.67 2.4
Lexan ML 4539 3 59.3 0.46 2599 14 5 59.3 0.58 2558 28. 0.051 -1.6
Makrolon 2558 5 59.7 0.14 2565 69 5 59.3 0.43 2903 290 —0.55 13
PMMA 2 36.0 0.070 1696 160 4 36.1 0.31 1696 34. 0.31 0.00

Lamp: low-pressure Hg, Apeqx = 254 nm, exposure dose 500 J/ cm? at UV-C lab 1, evaluation at test lab 4.

Control Exposed % Change (relative to control)
: Tensile Tensile .
Material Nul;r;lbelr of Strength, o Modulus o Nuﬁbelr of Strength, o Modulus o rffnlfﬂteh Modulus
samples MPa samples Mpa streng
Kydex 6565 5 67.6 0.39 2523 83. 5 67.7 0.47 2517 48. 0.10 —0.24
Lexan FST970S 5 66.3 0.18 2751 150 5 66.6 0.010 2682 55. 0.50 —-25
Lexan ML 4539 5 60.2 0.60 2482 34. 5 59.5 1.0 2434 28. —1.28 -19
Makrolon 2558 5 61.2 0.43 2717 170 5 61.0 0.27 2703 120 —0.31 —0.52
PMMA 4 36.9 0.37 1917 120 4 25.1 3.2 1841 69. —32. —4.0
Lamp: low-pressure Hg, Apeax = 254 nm, exposure dose 500 J/ cm? at UV-C lab 2, evaluation at test lab 5.
Control Exposed % Change (relative to control)
: Tensile Tensile :
Material Number of Number of Tensile
samples Stlﬁrll)%th, o Modulus o samples Stllr&rf)%th, o Modulus o strength Modulus
Kydex 6565 5 65.4 0.34 2444 27. 5 64.3 0.43 2340 24. -1.7 —43
Lexan FST970S 5 65.5 0.10 2518 4.0 5 65.4 0.15 2524 5.0 —0.18 0.24
Lexan ML 4539 5 58.4 0.67 2450 27. 5 57.4 0.17 2426 19 —1.6 —-1.0
Makrolon 2558 5 59.3 0.10 2428 4.0 5 59.4 0.13 2426 5.0 0.067 —0.082
PMMA 4 33.4 0.15 1658 19. 4 31.7 1.1 1683 13. —-52 15
Lamp: UV-C LED, Apeac = 280 nm, Exposure dose 500 J/ cm? at UV-C lab 5, evaluation at test lab 5.
Control Exposed % Change (relative to control)
; Tensile Tensile :
Material Number of Number of Tensile
samples Stﬁ%%th, o Modulus o samples Stll'\ilf)%th, o Modulus o strength Modulus
Kydex 6565 5 65.0 0.63 2414 110 5 55.0 0.42 2366 55. —15. —2.0
Lexan FST970S 5 65.4 0.21 2524 14. 5 65.6 0.080 2528 7.0 0.31 0.16
Lexan ML 4539 5 59.3 1.5 2524 42. 5 61.0 1.3 2580 52. 2.8 2.2
Makrolon 2558 5 59.4 0.16 2416 5.0 5 59.4 0.12 2426 5.0 —0.10 0.41
PMMA 2 33.6 0.10 1673 8.0 4 33.5 0.18 1675 11. —0.36 0.12
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The initial properties are labeled as “control” in Table 5. Figures S8-511 plot the
tensile strength and modulus of both exposed and unexposed (control) samples for the
five materials. The consistency of the tensile strength and modulus measurements of the
materials that were exposed to UV-C demonstrates that the bulk of the material did not
degrade significantly because the decomposition was limited to thin cross-sections adjacent
to the surface. Overall, these results also indicate that greater exposure levels or thinner
samples, where a greater fraction of the volume of the entire sample is affected by UV-C
damage, may be required to observe more significant tensile strength changes. Our testing
and analysis did not include PVC, which is of interest from a commercial perspective and
will be a topic of future work.

5. Conclusions

The focus of this work was the development and demonstration of a standardized
method for exposing samples of common polymeric construction materials to UV-C.
The purpose of the method is to provide a means of obtaining reliable, repeatable, and quan-
titative data for ready comparison among candidate materials for construction and equip-
ment fabrication. The exposure test equipment was developed to standardize the method
of exposing the samples to UV-C light and to ensure the irradiance across the exposure
field was even. The exposure test equipment is both reproducible and readily constructed
using subcomponents that are commercially available. To ensure the effects were limited to
UV exposure alone, an air circulation/management system was included as a means of
minimizing the effects of both temperature and ozone produced by the UV-C lamps and any
evolved gases due to polymer decomposition. The maximum dose to which the samples
were exposed was 500 J/cm?, which represents the amount of energy that a construction
material will receive over its anticipated lifetime.

In this study, the standardized exposure method was demonstrated by exposing
several types of commonly used polymers to three different UV-C sources including
KrCl excimer lamps, low-pressure mercury lamps, and LEDs, corresponding to peak
wavelengths of 222 nm, 254 nm, and 280 nm, respectively. These sources and wavelengths
were chosen because they are the most commonly used UV-C sources in industry, spanning
applications such as the curing of food [75], disinfection of water, whole-room and surface
disinfection, and analysis of proteins [76]. However, this same method can be used with
other wavelengths if it is determined, for example, that a specific material has a sensitivity
or resistance to a specific wavelength. The result of this work, to our knowledge, is the
largest and most quantitative and systematic study published to date on the analysis of
damage to common polymeric materials from germicidal UV technology.

Several aspects of surface and bulk physical properties were measured to evaluate
the impact of UV-C exposure, including color change, gloss change, reflectivity, spectral
transmittance (or haze), flammability, tensile strength, and elasticity modulus. Visual
characteristics are important because a material’s visual appearance is often used as a
determining factor for material integrity even if the mechanical characteristics are not
affected significantly. For the materials tested and the doses applied, the data indicate
the changes in the mechanical properties were mostly statistically insignificant. However,
the effects of UV-C on the mechanical properties of PVC were not measured in this study.

This study demonstrates several ways in which polymeric materials are affected when
exposed to UV-C light sources. Some materials exhibited mild appearance changes, and
others reacted with severe change. In fully formulated systems, the added components in
the formulation increase complexity due to the potential additional reactions caused by the
UV-C light. We can conclude that determining the stability of materials when exposed to
UV-C light will continue to be important for product and environmental designs, consider-
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ing carefully what tests and conditions will faithfully represent the intended application
(polymer, formulation, UV-C source type, temperature, exposure energy, measure critical
properties, etc.).

6. Future Work Considerations

The collaborative team within IUVA has envisioned multiple opportunities for further
research in view of this project’s primary goal to develop a standardized method for expos-
ing polymer materials to UV-C for the subsequent testing of physical and optical properties
to determine the degree of degradation. First, honing a proper ASTM and ISO standard
should be a priority for the UV products industry. As a related topic, understanding the
UV-C degradation mechanism at a molecular level will assist in designing new materials
and additives to inhibit the reaction pathways. Observing the depth profile of degrada-
tion at surfaces and correlations for material lifetime can inform device manufacturers
during design and product development. Obtaining scanning electron microscopy and
transmission electron microscopy imagery to view potential crazing regions and particulate
byproduct formation will be crucial to that end. Determining the identity and composition
of degradation products will be important for protecting human and environmental health.
Finally, efforts should be taken to understand dose reciprocity, that is, the comparative
impact of cumulative dose at commercially relevant fluence rates versus short-term high
doses used for accelerated studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Nomenclature
Variables
A&B correlating coefficients, see Equation (3)
¢, C*, Sc chroma parameters, see Equation (1)
D sample depth, in or mm
AEE v Color difference measure
H*, Sy hue parameters
1, L*, St lightness parameters, see Equation (1)
L sample length, in or mm
%T the ratio of the light energy falling on a body to that transmitted through it
W sample width, in or mm
X mean value
Abbreviations
BL Burn length
CFR Code of Federal Regulations
CMC Color measurement committee
TUVA International Ultraviolet Association
LED light emitting diode
LCH notation  Lightness, chroma, hue
PMMA Polymethyl methacrylate
PC Polycarbonate
PvC Polyvinyl chloride
SET Self-extinguishing time
UV-C Portion of the UV spectrum between 200 and 280 nm
VBB Vertical Bunsen burner
Symbols
AME modulus of elasticity, MPa
Apeak peak wavelength, nm
o standard deviation
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