Polymer
Degrlg(l(l:;ltion

an
Stability

Polymer Degradation and Stability 63 (1999) 297-304

An integrating sphere-based ultraviolet exposure chamber
design for the photodegradation of polymeric materials

Jonathan W. Martin, Joannie W. Chin*, W. Eric Byrd,
Edward Embree, Kevin M. Kraft

Building Materials Division, Building and Fire Research Laboratory,
National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

Received 29 March 1998; received in revised form 1 July 1998; accepted 29 July 1998

Abstract

The primary method for obtaining laboratory weathering data for a wide range of commercial polymer products including
coatings, textiles, elastomers, plastics and polymeric composites is through the use of ultraviolet radiation exposure chambers (UV-
chambers). Although numerous improvements have been made in the design of UV-chambers over the last 80 years, the repeat-
ability and reproducibility of the exposure results from these chambers have remained elusive. This lack of reproducibility and
repeatability is attributed to systematic errors in their design, operation, and control which, in turn, has prevented comparisons of
the performance of competing construction materials exposed in the same environment, comparisons of the performance of the
same material exposed in different laboratories, and the comparison of field and laboratory results. The paper re-examines current
UV-chamber designs, discusses possible sources of systematic error associated with these chambers, and describes an innovative
UV-chamber design having a basis in integrating sphere technology which greatly reduces the magnitude of these errors. © 1999

Elsevier Science Ltd. All rights reserved.

1. Introduction

Ultraviolet radiation exposure chambers (UV-cham-
bers) are the primary means for generating laboratory
weathering data for a wide range of commercial pro-
ducts including coatings, elastomers, plastics and poly-
meric composites, (collectively these products will be
termed construction materials) [1]. Over the years,
numerous technical improvements have been imple-
mented in the design, construction, and control of these
UV-chambers. However, the repeatability and reprodu-
cibility® of the exposure results obtained from these
chambers have remained elusive [2-5].

The repeatability and reproducibility of experimental
results are affected by material response variability and
experimental and systematic errors. Experimental errors
and material variability, which occur in all experiments,
are random in nature and can be compensated for
through the use of proper experimental designs.

* Corresponding author. Tel.: +1-301-975-6815; fax: +1-301-990-
6891; e-mail: Joannie.Chin@nist.gov
2 See terminology appendix for definitions.

Systematic errors, on the other hand, are uncompen-
sated, non-random sources of error which bias experi-
mental results,. Common sources of systematic errors
associated with existing UV-chambers include human/
machine interactions, high specimen temperatures, non-
uniform irradiance over the surface of a specimen, and
temporal changes in exposure conditions. The mission
of any investigator is to identify, isolate, and reduce
these sources of systematic errors. This can be accom-
plished by standardizing procedures, making changes in
existing exposure equipment, or by circumventing these
difficulties through alternate UV-chamber designs.

In this paper, known sources of systematic errors are
discussed and an innovative UV-chamber, having a
basis in integrating sphere technology, which may be
capable of reducing the magnitude of these systematic
errors, is presented.

2. Current UV-chambers

Commercially available UV-chambers began to
appear ca. 1920. Atlas Electric Devices introduced its
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carbon arc “Fade-O-Meter” in 1918; several years later,
Nelson [7] published and provided preliminary exposure
results for a UV-chamber design using a mercury arc lamp
in 1922; and Buttolph [8Tpatented several modifications to
Nelson’s UV-chamber in 1924. UV-chambers containing
fluorescent lamps were introduced at a later date.

UV-chambers basically consist of a UV-light sour-
ce(s) and a specimen rack. The two most popular UV-
sources for photodegrading materials have been the
xenon arc and fluorescent lamps [9]. The popularity of
carbon and mercury arcs has greatly diminished over
the last few decades due to the instability and high
maintenance of cdrbon arcs and due to the “unnatural”
wavelengths present in mercury arc lamps.

Both the xenon arc and fluorescent lights are gas dis-
charge tubes and are usually line sources. A gas dis-
charge tube contains an inert gas (e.g. mercury or
xenon) within an enclosed glass cylinder which is sealed
on both ends by tungsten electrodes. When an electrical
potential is imposed between the two electrodes, a plasma
is generated between the two electrodes. Emittance from
gas discharge tubes is considered to be diffuse.

Most commercial xenon arc UV-chambers are similar
in construction to the design proposed by Nelson in
1922 [7]; that is, the line source is vertically positioned in
the center of the UV-chamber while specimens are
rotated on a rack around the axis of the line source.

Fluorescent lamp UV-chambers are constructed some- .

what differently due to the high slenderness ratio of the
fluorescent tube. In fluorescent UV-chambers, the lamps
are positioned horizontally in the center of the UV-
chamber with specimens placed in a row along either
side of the lamps.

Numerous modifications in UV-chamber designs

have been made over the last 80 years. These modifica-
tions have been aimed at improving the repeatability
and reproducibility of exposure results and include (1)
the identification of a more temporally stable ultraviolet
light source, (2) the identification of spectral radiant
power distribution which more closely approximates the
maximum solar ultraviolet radiant power [10-13], and
(3) the re-design of the exposure racks within a chamber
to improve the spatial irradiance uniformity over the
dimensions of a specimen and among specimens. Spe-
cific examples of improvements include (1) identification
of cut-off filter combinations to remove radiation below
290 nm; (2) the introduction of photopic sensors and
feedback-control devices for minimizing temporal
changes in the radiant power [14-16] and (3) the intro-
duction of the three-tier exposure racks in xenon arc
UV-chambers.

These changes have greatly reduced the variability in
exposure results, but they have not resolved issues rela-
ted to the lack of repeatability or reproducibility of
exposure results [5,6]. Hence, further investigation into
possible sources of systematic errors is needed.

3. Systematic errors affecting reproducibility and
repeatability of current UV-chambers

Common sources of systematic error found in current
UV-chambers include human/machine interactions,
unnatural exposure conditions, non-uniform irradiance
over the dimensions of a specimen and among speci-
mens, the inability to accurately and precisely measure
ultraviolet radiation dose, and temporal changes in
exposure conditions.

3.1. Human/machine interactions

Systematic errors attributable to the interaction of
humans and machines include those related to the
operation, maintenance, and calibration of the UV-
chamber. Errors due to human/machine interactions
can be greatly reduced by standardizing the operation,
maintenance, and calibration protocols. Committee
ASTM G3 has published several standard practices for
operating xenon arc [17] and fluorescent tube UV-
chambers [18]. Fischer [6] and Fischer and Ketola [19]
have recently reviewed the results of a round-robin
testing in which these standard practices have been
applied.

3.2. Unnatural exposure conditions

3.2.1. Specimen temperature

Xenon arc lamps are almost always operated at a
higher current density flux than are mercury arc lamps
because of the smaller cross-sectional area of the xenon
atom relative to that of the mercury atom [20]. This high
current density flux makes the xenon arc a very “hot
source” [21,22]; that is, xenon arcs emit a substantial
amount of energy in the visible and infrared regions. As
such, the temperature of exposed specimens tends to be
high relative to the temperature of similar specimens
observed outdoors. Panel temperatures for opaque
polymeric materials approaching 60°C have been
reported in xenon arc UV-chamber studies (see, for
example, Martin et al. [23] and Clark et al. [24]).

For specimens simultaneously exposed in a xenon arc
UV-chamber, the temperature of the specimens can vary
over a wide range depending on the specimen’s spectral
absorptivity, which is related to its color. Fischer and
Ketola [19] exposed panels made from the same
material, but differing in color in a xenon arc weathe-
rometer. The observed panel temperature range for
these materials was as high as 30°C. It is known that
degradation kinetics is highly temperature dependent;
hence, it is not surprising that such a high temperature
range makes a comparison of the performance of mate-
rials exposed to nominally identical exposure conditions
difficult. Preininger [25] and the Association of Auto-
mobile Industries and its Working Group [4], for
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example, have concluded that the largest contributor to
the lack of repeatability and reproducibility of xenon
arc UV-chambers is the lack of temperature control.

Improved temperature cestrol of UV-chambers can
be achieved by removing the primary source of thermal
energy, visible and infrared radiation, while maintaining
the photolytically effective ultraviolet radiation. This
can be accomplished by introducing a heat controlling
optical element (e.g. a dichroic mirror) between the light
source and the specimen. Dichroic mirrors, for example,
are designed to transmit (or reflect) ultraviolet radiation
through (or off) the dichroic mirror and onto the speci-
mens while reflecting (or transmitting) the visible and
infrared portions to a heat sink. Examples of UV-
chamber designs incorporating a dichroic mirror in their
construction include those proposed by Berger [26] and
Klippert [27]. Alternate heat-controlling optical ele-
ments are discussed by Rabek [28].

3.2.2. Optimal wavelength radiation

Ultraviolet radiation below 290 nm does not reach
habitable portions of the earth’s surface [29,30] and,
thus, the presence of radiation below 290 nm may pho-
tolytically degrade materials via “‘unnatural” chemistry
[31-33]. Extensive efforts have been made by equipment
manufacturers in identifying light sources and light
source/cut-off filter combinations having a spectral radi-
ant energy distribution closely approximating the max-
imum solar ultraviolet radiant energy spectrum [12,13,57].
Although not a perfect match, UVA-340 fluorescent
lamps and xenon arc lamps equipped with borosilicate/
borosilicate filters appear to be a close approximation to
the maximum solar ultraviolet energy spectrum [13].

An alternative approach is to abandon efforts to
produce a stable light polychromatic light source which
emulates the maximum solar ultraviolet energy spec-
trum, and, instead, to irradiate specimens with narrow
bandwidth radiation. This can be accomplished by pla-
cing filters (cut-off or interference filters) in front of the
exposed material. Examples of materials degradation
studies using this strategy include those described in
Buttolph [8], Suga [34], and Trubiroha [35]. This prac-
tice has been adopted by the medical and biological
research communities [9] and should be given more
scrutiny by the materials community.

3.3. Spatial irradiance uniformity

Ensuring spatial irradiance uniformity over the
dimensions of a specimen and from specimen-to-speci-
men is a prime consideration in designing any optical
system. Spatial uniformity is needed to determine the
spectral ultraviolet radiation dosage received by a spe-
cimen. Spectral ultraviolet radiation dosage must be
known in order to compare the performance of con-
structionmaterials [36,37].

Spatial irradiance uniformity is difficult to attain in
current UV-chambers due, in part, to the larger surface
area over which uniformity must be controlled. Factors
affecting irradiance uniformity include reflectances from
the specimen and walls of the chamber and physical
limitations imposed by the optical system (e.g. the geo-
metry of the light source and the dimensions of the
specimens). (Many pigment particles are highly reflec-
tive to ultraviolet radiation. See, for example, Wilcock
and Soller [38] and Koller [39].)

Spatial irradiance uniformity is often improved by
modeling radiative transfer within a UV-chamber.
Models, which closely approximate current UV-cham-
ber construction, include those published by Jacob ahd
Dranoff [40], Matsuura and Smith [41], Zolner and
Williams [42], Trazoqui et al. [43], and Quarderer and
Kadlec [44]. Radiant energy models for other promising
chamber designs include the model derived by Cassano
and Smith [45]. In general, predictions from the models
fit irradiance measurements within the chamber rather
well. From these models, the parameters controlling
irradiance uniformity include the position, number, and
length of the line source(s), the size and geometry of the
specimens, and the distance between the line source and
specimens. Typical model assumptions include:

1. A single line source located in the center of a
cylindrical chamber where the cylindrical chamber
acts as a specimen.

2. The length of the line source and cylindrical
chamber are equal.

3. The line source is an ideal source; that is, the
radiant intensity emitted from each incremental
length of the line source is constant and invariant.

4. The line source is a Lambertian radiator; that is,
the radiant intensity emitted from each incre-
mental length of the line source is perfectly diffuse
and obeys Lambert’s law.

5. Reflection from the walls of the UV-chamber is
negligible.

Several of these assumptions are violated in current
UV-chamber designs. Assumption 1 does not hold for
fluorescent UV-chambers, which usually contain a
number of fluorescent lights, Assumption 2 does not
hold for xenon arc equipped UV-chambers, since the
specimen racks and specimens often extend beyond the
length of the line source. Quarderer and Kadlec [44]
have made irradiance predictions beyond the ends of the
line source. Assumption 3 is a good approximation for
AC powered line sources, but it is not a good assump-
tion for DC powered line sources. For both AC and DC
powered sources, the radiant intensity is higher at the
cathode than it is at the anode. For DC powered line
sources, the ratio of the emittance from the cathode to
the anode can exceed 70 [44,46-48]; whereas, for AC
powered lamps, this ratio is closer to two [48]. This
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difference in radiant intensity may explain why the
maximum of the radiant energy profile for DC-powered
line sources seldom coincides with the middle of the line
source [see, for exampte, the radiant intensity profiles
published in Martin et al. [23] and Clark and Harrison
[24]. Finally, the contribution to the total ultraviolet
irradiance of light reflecting off the walls of a UV-
chamber and off specimens (assumption 5) does not
appear to be addressed in current UV-chamber
designs.

Radiant energy measurements for fluorescent UV-
chambers have been made by Fischer et al. [5] and
Fedor and Brennan [16] and have been made for xenon
arc UV-chambers by Coblentz et al. [49], Martin et al.
[23], Clark and Harrison [24], and Fischer [6]. Compar-
ison of these measurements with predictions from the
mathematical models provides insight into possible lim-
itations in current UV-chamber design.

Fischer [6], for example, observed a 30% change in
irradiance and in degradation for specimens located at
the center and at the ends of the fluorescent lamps; the
model proposed by Irazoqui et al. [43] predicted a 40%
change. Thus, uniform irradiance over the length of a
fluorescent lamp may be physically impossible to
achieve.

The three-tier specimen rack design for xenon arc
UV-chambers provides the designer with much more
freedom to follow the contour of the theoretical radiant
energy profile from the light source. Theoretical irra-
diance variations along the length of a specimen for a
new light source and a three tier rack design are less
than 2%. Variations in spatial irradiance over the width
are also of concern. Two-dimensional radiant power

mappings for xenon arc UV chambers, like the mapping’

provided by Fischer [6] for a fluorescent UV-chamber,
have not been found in the literature. Capron and
Crowder [50] mapped the spectral radiant flux in the
plane perpendicular to the axis of rotation of the xenon
arc, however, and concluded that the horizontal dis-
tribution of radiation is not uniform in spectral radiant
intensity. The fixed rack design for xenon arc lamps is,
of course, a significant advance over cylindrical and two
tier rack designs. The goodness of the strategy, however,
is based on the premise that the spectral radiant flux
from nominally identical xenon arc lamps is constant
and does not change as a light source ages. Experi-
mental support in the literature for these premises is
lacking.

3.4. Temporal variation

The radiant power output from an arc source is
notoriously unstable over time. This temporal instabil-
ity can be attributed to both equipment variables and
changes in the light source as it ages (light source plus
the filters).

The major equipment variable affecting radiant
power output is a change in the electrical current density
over time. Radiant intensity from an arc source is rela-
ted to current density through a power law function
(E=a D?, where E is radiant intensity, D is current
density, and a and b are empirical constants) [44,49,51-
53]. The higher the current density, the higher the tem-
perature of the plasma and, thus, the greater the radiant
power. Also, the higher the current density, the higher
the proportion of the total radiant power emitted in the
ultraviolet region [52,53]. Thus, temporal stability of a
lamp depends heavily on the stability of the lamp power
source.

The optical properties of the arc lamps, filters’(in the
case of xenon arc lamps), and phosphors (in the case of
fluorescent lamps) change with time through an aging
process. Temporal changes in the arc light sources have
been studied by Coblentz et al. [49], Buttolph [54],
Martin et al. [23], Schéfer [22], Clark and Harrison [24],
Mullen et al. [55], and Forbes et al. [56]. The tungsten
electrodes of all arc sources are designed to operate near
the melting temperature of tungsten [20]. Thus, when
the lamp is on, tungsten is sputtered off the electrodes
and deposited onto the interior walls of the glass cylin-
der [57]. These deposits reduce the spectral transmit-
tance properties and eventually cause the glass envelope
to devitrify and crack [52]. In commercial xenon arc
chambers, efforts have been made to minimize this effect
by placing a metallic sleeve around the anode.

The glass enclosure surrounding the arc also ages.
This can occur whenever the arc plasma touches the
enclosure causing it to melt and to deposit silicon onto
the interior surface of the glass. The width of a xenon
arc is known to thicken with an increase in current
density to the lamp [58]. Increasing the current density
to the arc is the most common strategy used in stabiliz-
ing radiant intensity as an arc source ages.

The quartz and other glass filters surrounding a
xenon arc also age through a process called solarization
[49]. Solarization is the reduction in transmittance of a
filter resulting from the exposure to short wavelength
UV radiation and to high temperatures. Decreases in
transmittance are usually rapid at first followed by a
more gradual decrease in transmission. The greatest
transmission loss occurs at wavelengths less than 365
nm [49,57,59]. The effects of solarization may be mini-
mized by pre-aging the filters prior to inserting the spe-
cimens into the UV-chamber [57].

Total and spectral irradiance control has been greatly
improved through the use of photo-feedback and con-
trol devices [14-16]. The radiant intensity of the light
source is often controlled at a specific wavelength or
over a wavelength band. Decreases in total or spectral
radiant intensity are compensated by increasing the
current density to the arc source. Increasing the current
density seldom results in a uniform change at all
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wavelengths, however. Instead, the spectral radiant
intensity at short ultraviolet wavelengths (A <350 nm)
exhibits a much greater change than it does at wave-
lengths longer than 350 nnf Therefore, correcting the
radiant intensity at a particular wavelength or wave-
length band does not return the spectral radiant inten-
sity of the light source to its original spectrum; that is,
the spectral output from a light source is temporally

tahla Th 1 1
unstable. Thus, instead of trying to control spectral

radiant intensity from the lamp system, it may be
necessary to monitor the spectral radiant intensity out-
put of the lamp using a spectroradiometer.

4. Integrating s

phere based UV-chamber

A UV-chamber design based on integrating sphere
technology has been built (Fig. 1).

Integrating sphere theory and technology are well-
established [60-62] and integrating spheres are com-
monly used in making total reflectance or total trans-
mittance measurements on materials and as a uniform
light source. In this application, the integrating sphere is
used as a uniform light source.

An integrating sphere is a hollow spherical chamber
which has an inner surface coated with a highly diffuse
reflecting coating either in the form of a coating or a
monolithic wall material; that is, the surface is Lamber-
tian. Currently, the most highly reflective, Lambertian
material is prepared from pressed polytetrafluorethylene
powder and bulk fluoropolymers, both having reflec-
tance values greater than 98% at ultraviolet wave-
lengths longer than 280 nm [63].

Fig. 1. Integrating sphere UV-chamber with two apertures. Exposure
cells are mounted over apertures.

When radiation is admitted into the interior of an
integrating sphere, the radiation is diffusely reflected
from its interior surface. After multiple reflections, the
radiation within the sphere becomes spatially inte-
grated. It is highly uniform and has an increased irra-
diance that is directly proportional to the total radiant
flux introduced into the sphere. This is very advanta-
geous for monitoring the radiant energy flux within and
exiting from the sphere since this flux is spatially uni-
form. Thus, a fiber optic detector, inserted through the
shell of the sphere out of the line of first strike from the
light source and connected to a spectroradiometer, pro-
vides an excellent measure of the spectral radiance
within the sphere.

Assuming proper design, the radiation exiting an
aperture machined through the shell of an integrating
sphere is also diffuse and uniform over the dimensions
of the aperture. Moreover, if multiple apertures are
machined through the shell of the sphere, the light exit-
ing each aperture is also diffuse, uniform, and has the
same spectral radiance. Thus, an integrating sphere UV-
chamber design immediately resolves the major source
of systematic errors in current UV-chamber design; that
is, uniform irradiance across the dimensions of a speci-
men and from specimen to specimen.

This design appears to be capable of mitigating most,
if not all, of the systematic errors from the sources
described above. Spectral radiant energy measurements
were made in the center of two 14 c¢m radit apertures for
the sphere shown in Fig. 1. The diameter of the sphere is
0.3 m. These spectra are overlaid in Fig. 2. Note that no
discernible difference in the spectral output is apparent.

A rule of thumb in integrating sphere technology is
that approximately 5% of the interior surface area of an
integrating sphere can be opened without significantly
affecting light integration. Since the interior surface area
of a sphere increases by the square of its radius, the
surface area allocated to apertures (and, thus, specimen
exposure area) also increases by the square of the radius
of the sphere.

5000
—— Right Port
4000 — — Left Port

3000

2000 -

1000

Instrumental Intensity, counts

T T T v T T
200 300 400 500 600 700 800

Wavelength, nm

Fig. 2. Spectral emittance from two different apertures overlaid on top
of one another.
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Since the light exiting a sphere is spatially uniform,
positioning a specimen at an aperture would expose it to
uniform, diffuse radiation. Obviously, photons reflected
from the surface of the E&posed specimens should soon be
spatially re-integrated within the sphere. However, possi-
ble errors resulting from these reflections will be assessed.

In many situations, it would be advantageous to uni-
formly irradiate specimens at a distance from the inte-
grating sphere as shown in Fig. 3. This would be
important, for example, if one wanted to expose speci-
mens in a multiplicity of independently controlled
exposure environments. For example, it may be advan-
tageous to expose the specimen(s) at one aperture at
60°C, 95% relative humidity, polychromatic light;
whereas, at another aperture, the specimen could be
exposed at 50°C, 95% relative humidity, and 290 nm
radiation. The capability to apply mechanical stresses to
the specimen(s) while simultaneously exposing it to UV
radiation can also be achieved with the integrating
sphere-based chamber. Other unique exposure environ-
ments can be achieved through the construction of
independent exposure chambers, including freeze/thaw
conditions and rain. Uniform spectral irradiance of the
specimens within each exposure chamber can be
achieved through the use of nonimaging optics [64],
such as depicted in Fig. 3.

With respect to systematic errors, integrating spheres
appear to mitigate most or all of the systematic errors
observed in current chamber designs. Uniform irra-
diance exposure across the dimensions of a specimen
and from specimen to specimen is assured by the inte-
grating sphere physics. Other advantages of an inte-
grating sphere UV-chamber include the following:

1. Simplicity in design and easy accessibility to the
light source, exposure cells and specimens:

The light source, exposure cells, and specimens

are located on the exterior of the integrating

non-imaging
optical device

integrating
sphere

I

specimen
chamber

ultraviolet
radiation

Fig. 3. Integrating sphere equipped with non-imaging optics and
external exposure cells.

sphere and, thus, they are readily accessible while
an experiment is on-going and for maintenance of
the UV-chamber. This accessibility should greatly
reduce problems associated with human/machine
interactions. A standard protocol for operating
such a UV-chamber, however, must be prepared.
Removal of visible and infrared radiation from the
radiant flux

High specimen exposure temperatures can be
minimized by removing most of the visible and
infrared portions of the radiant energy flux emitted
by the light source prior to entering the sphere.
For example, radiation from a 1000 W xenon arc
is used as the light source for the intégrating
sphere shown in Fig. 1. By removing most of the
visible and infrared radiation emitted by the light,
the temperature within the chamber can easily be
maintained at slightly above room temperature.
Thus, panels of different color are exposed at the
same temperature.

. Removal of radiation below 290 nm.

By positioning a cut-off filter after the dichroic
mirror, radiation below 290 nm can be removed
from the radiant flux. Moreover, interference or
cut-off filters can be positioned in front of each
specimen so that each specimen can be uniquely
irradiated using any combination of wavelengths.
4. Spatial irradiance uniformity.

As a uniform radiation source, an integrating
sphere is capable of minimizing errors due to non-
uniform irradiance over the dimensions of a speci-
men and from specimen-to-specimen. Spatial irra-
diance uniformity does not depend on the light
source, the age of the light source, or batch to
batch variability, but, instead, it is controlled by
the physics of integrating spheres.

Temporal irradiance monitoring and control.

Temporal changes in the spectral radiant inten-
sity of the light source can not be controlled.
Through the use of the integrating sphere, how-
ever, temporal variations can be easily spectro-
radiometrically monitored. This is possible
because the radiant power within the integrating
sphere remains uniform and, thus, changes in the
radiant power can be easily monitored.
Experimental flexibility.

Finally, integrating sphere provide the opportu-
nity to simultaneously and independently expose a
multiplicity of specimens each to its own exposure
environment. This can be achieved by positioning
specimens in individual exposure cells and uni-
formly irradiating the specimens by projecting a
uniform, diffuse beam from apertures machined
into the integrating sphere. The environmental and
operating conditions within each exposure cell can
be uniquely selected.
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5. Conclusions

UV-chambers play an important role in comparing
or predicting the performdfice of construction mate-
rials and determining the effect of different weath-
ering factors on the performance of a construction
material.

Although significant modifications have been made in
current UV-chamber designs, controlling the systematic
errors and thus the repeatability and reproducibility of
these chambers has remained elusive.

An integrating sphere UV-chamber design has been
proposed which appears to be capable of greatly miti-
gating known sources of systematic errors. These sys-
tematic error sources include human/machine
interactions, high specimen temperature, inclusion of
short wavelength radiation, non-uniform spatial irra-
diance over the dimensions of a specimen and from
specimen-to-specimen, and temporal changes in radiant
flux. Preliminary evaluations of an integrating sphere
based UV-chamber are very promising.
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Appendix: Terminology

Current density: the current flowing to or from a unit
area of an electrode surface. The current per unit cross-
section area of a conductor. Also known as electric
current density.

Dichroic mirrors: mirrors that are capable of effi-
ciently separating polychromatic radiation into two
parts. Dichroic mirrors are made to have a very high
reflectance (more than 90%) for a broad spectral region
and a high transmittance (over 98%) for the remainder
of the spectrum. The absorbance of these mirrors is
insignificant. They offer many technical advantages over
the pellicle mirror and filter system used in one-shot
color cameras and for color television because of the
high efficiency of light utilization.

Dose (of optical radiation of a specified spectral dis-
tribution): term used in photochemistry, phototherapy,
and photobiology for the quantity radiant exposure
falling on a unit surface area of an object. Unit J m—2.

Lambertian surface: a surface or radiator which has
radiance which is not dependent on angle is called
Lambertian. Flux leaving a Lambertian surface is per-
fectly diffuse; that is, the radiance is constant regardless
of viewing angle.

Line source: an idealized source of light consisting of
an infinitely long line from which light is emitted with
uniform intensity.

Maximum solar ultraviolet radiant energy spectrum: the
solar radiation spectrum observed on the equator, at sea
level, at noon on a clear day during the summer solstice.

Repeatability: the precision of a method expressed in
terms of the agreement attainable between measure-
ments made by a single operator using the same appa-
ratus and techniques.

Reproducibility: the precision of a method expressed
in terms of the agreement expected between measure-
ments made in different laboratories using similar
apparatuses and the same procedure.

Solarization: the reduction in transmittance of a filter
resulting from the exposure to short wavelength UV
radiation and high temperatures.

References

[1] Ellis C, Wells AA. The chemical action of ultraviolet rays. New
York: Reinhold Publishing Company, 1941.

[2] Nowacki LJ. Official Digest—Federation of Societies for Coating
Technology 1962;4:1191.

[3] Nowacki LJ. Official Digest—Federation of Societies for Coating
Technology 1965;37:1371.

[4] Association of Automobile Industries Journal of Coatings Tech-
nology, 1986;58:57.

[5] Fischer RM, Ketola WD, Murray WP. Progress in Organic
Coatings 1991;19:165.

[6] Fischer RM. In: Ketola WD, Grossman D, editors. Accelerated
and outdoor durability testing of organic materials, ASTM STP
1202. Philadelphia (PA). American Society for Testing and
Materials, 1994. p. 112.

[7] Nelson HA. Proceedings of ASTM 1922;22:485.

[8] Buttolph LJ. United States Patent 181868, 1924.

[9] Rabek JF. Polymer photodegradation. New York: Chapman &
Hall, 1995.

[10] Hirst HR. Journal of the Society of Dyers and Colourists
1925;41:347.

[11] Weightman HE. Rubber Age 1928;23:75.

[12] Hirt RC, Schmitt RG, Searle ND, Sullivan P. Journal of the
Optical Society of America 1960;50:706.

[13] Searle N. In: Ketola WD, Grossman D, editors. Accelerated and
outdoor durability testing of organic materials, ASTM STP 1202.
Philadelphia (PA): American Society for Testing and Materials,
1994. p. 52.

[14] Caldwell MM, Gold WG, Harris G, Ashurst CW. Photo-
chemistry and Photobiology 1983;37:479.

[15] Kockott D. Die Angewandte Macromolekulare Chemie
1985;137:1.




304 J.W. Martin et al.]Polymer Degradation and Stability 63 (1999) 297-304

{16] Fedor GR, Brennan PJ. In Ketola WD, Grossman D, editors.
Accelerated and Outdoor Durability Testing of Organic Materi-
als, ASTM STP 1202. Philadelphia (PA): American Society for
Testing and Materials, 1394. p. 195.

[17] ASTM G26-95. Practice for operating light-exposure apparatus
(xenon-arc type) with and without water for exposure of non-
metallic materials. 1996 annual book of ASTM standards, vol.
14.02. Philadelphia (PA): American Society for Testing and
Materials, 1996.

{18] ASTM G53-95. Practice for operating light- and water-exposure
apparatus (fluorescent UV condensation type) for exposure of
nonmetallic materials. 1996 annual book of ASTM standards,
vol. 14.02. Philadelphia (PA): American Society for Testing and
Materials, 1996.

[19] Fischer RM, Ketola WD. In: Ketola WD, Grossman D, editors.
Accelerated and outdoor durability testing of organic materials,
ASTM STP 1202. Philadelphia (PA): American Society for Test-
ing and Materials, 1994. p. 88.

[20] Philips R. Sources and applications of ultraviolet radiation. New
York: Academic Press, 1983.

[21] Thouret WE. Illuminating Engineering 1960;55:295.

[22] Schifer V. Applied Polymer Symposia 1967;4:111.

[23] Martin KG, Campbell PG, Wright JR. Proceedings of the
American Society for Testing and Materials 1965;65:809.

[24] Clark JE, Harrison CW. Applied Polymer Symposia 1967;4:97.

[25] Preininger E. Farbe und Lacke 1975;87:100.

[26] Berger DS. The Journal of Investigative Dermatology
1969;53:192.

[27] Klippert HU. United States 1977.

[28] Rabek JF. Experimental methods in photochemistry and photo-
physics. New York: John Wiley & Sons, 1982.

[29] Barker RE. Photochemistry and Photobiology 1968;7:275.

[30] Klein WH, Goldberg B. Proceedings of the International Solar
Energy Society Conference, vol. I., New Delhi, India, 1978, p. 400.

[31] Kinmonth RA, Norton JE. Journal of Coatings Technology
1977;49:37.

[32] Gerlock JL, Mielewski DF, Bauer DR. In: Proceedings of the
American Chemical Society, Polymeric Science and Engineering
Division vol. 58. Washington (DC): American Chemical Society,
1988. p. 70.

[33] Bauer DR. Progress in Organic Coatings 1993;23:105.

[34] Suga N. United States Patent 3426590, 1969

[35] Trubiroha P. In: Patsis AV., editor. Advances in the stabilization
and controlled degradation of polymers, vol. 1. Lancaster: Tech-
nomic, 1985. p 236

[36] Martin JW. Progress in Organic Coatings 1993;23:49.

[37] Martin JW, Saunders SC, Floyd FL, Wineburg JP. Methodolo-
gies for predicting the service lives of coating systems. Federation
Series on Coatings Technology. Federation of Societies for
Coatings Technology, Blue Bell, 1996.

[38] Wilcock DF, Soller W. Industrial and Engineering Chemistry
1940;32:1446.

[39] Koller LR. Ultraviolet radiation. New York: Wiley, 1965.

[40] Jacob SM, Dranoff JS. AIChE Journal 1970;16:359,

[41] Matsuura T, Smith JM. AIChE Journal 1970;16:321.

[42] Zolner WJ, 111, Williams JA. AIChE Journal 1971;17:502.

[43] Irazoqui HA, Cerda J, Cassano AE. AIChE Journal 1973;19:460.

[44] Quarderer GJ, Kadlec RH. AIChE Journal 1974;20:141.

[45] Cassano AE, Smith JM. AIChE Journal 1966;12:1124,

[46] Retzer TC, Gerung GW. Illuminating Engineering 1956;51:745.

[47] Thouret WE, Strauss HS. Illuminating Engineering 1962;57:150.

[48] Carlson FE, Clark CN. In: Kingslake R, editor. sApplied
optics and optical engineering, vol. 1. New York: Academic
Press, 1965.

[49] Coblentz WW, Long MB, Kahler H. Bureau of standards, scien-
tific paper, vol. 1, 1919-1920. p. 1.

[50] Capron E, Crowder JR. Journal of the Oil and Colour Chemist
Association 1975;58:9.

[51] Anderson JE, Eschenbach RC, Troue HH. Applied Optics
1965;4:1435.

[52] Goncez JH. ISA Transactions 1966;5:28.

[53] Goncz JH. Journal of the Optical Society of America 1966;56:87.

[54] Buttolph LJ. In: Hollaender, A, editor. Radiation biology, vol. 2.
New York: McGraw-Hill, 1955. p. 41.

[55] Mullen PA, Kinmonth RA, Searle NZ. Journal of Testing and
Evaluation 1975;3:15.

[56] Forbes PD, Davies RE, D’Aloiso LC, Cole C. Photochemistry
and Photobiology 1976;24:613.

[57] Hirt RC, Searle ND. Applied Polymer Symposia 1967;4:61.

[58] Rosolowski JH, Charles RJ. Journal of Applied Physics

1965;36:1792.

[59] Coblentz WW, Stair R. National Bureau of Standards, Research
Paper RP744, 1934.

[60] Sumpner WE. Proceedings of the Physical Society of London
1892;12:10.

[61] Edwards DK, Gier JT, Nelson KE, Ruddick RD. Journal of the
Optical Society of America 1961;51:1279.

[62] Goebel DG. Applied Optics 1967;6:125.

[63] Weidner V, Hsia JJ. Journal of the Optical Society of America
1981;71:856.

[64] Welford WT, Winston R. High collection nonimaging optics
New York: Academic Press, 1989.




