sunlight contains near infrured energy up o a wavelength
af 4000 namomecters. owever, most of the energy lies
below 2500 nanomelees.

Solar Irradiance

Solar ieradiance is the amount of coorgy im=
pinging on a specific area of the Barth per unit time per
unit wovelength, It s typically measunsd g walls per
square meter per nanometer.  Figure | shows the solar
irmciance spectrum (ASTM, 14).

The integral {the area under the curve) of Lhe 20-
lar irradianee speoirum is squivalent to the tolal amount
of cleciromagnetic energy reaching the Earh per umit
area per umil time and is expressed in watls per squars
meter, (ne watl cquals one joule per second.

Ultraviolet energy is 5% of the total incident
enerpy of sunlight. Visible light is 42% of the total inci-
dent cnergy, and near infrared light 15 53% of the total
incident cnergy. The actual energy breakdoam will vary
depending on the dme of day, the lecation, and the at-
mospheric conditions where the solar spectral power dis-
Lributhon is measured (11olman, 5.

Reflectance, Absorption, and Scattering of Light

When Tight energy sirikes an object, onc oF
more of the following may vecur: reflection, scallenng,
ahsorplion, o Wansission.

When light waves interact with an ohject that
exhibits a refractive index differing from the medium of
light wave propagation, a portion of the light 15 rellected
from the object. Percent reflectance expresscs the
arnount of light cnergy reflocted from an object at a spe-
cific wavelength, Kefleclance can be specular {zlossy)
or diffuse (surface scattered).  Specular refleciance cons
sists of light reflacting at an angle opposite that of the
incident angle, Mirors (and ghossy surfaces) exhibit o
large degree of specular reflectance. Diffuse reflectance
ocours when ncident Tight is reflected al varying angles
from a surface. Flal paints exhibit a high degree of dif-
fuse relleclanee,

The chemical composition of the pigment in 2
substrale may inchude chromophores, o components of a
molecular structure that interact with, and absorb light
resulting in color. Light absomption also results in the
ceneration of heat, generation of free radical species, and
free elecirons, Absorption of near infrared light enespy
results in incressed melocular vibration, or heal (Fes-
senden, Fessenden, 7).

Wisible color is dictated by absorplion in the
40— TiN) sanometer range. Traditional black pigmenta-
tion haz o wide ahsorption over a large spectml range

whereas whites have a high reflectance over the cntire
visible range, or frequencies of light. Colorants exhibit
selective absorption.  Figure 3 shows the refleclance ver-
sus wavelengih relstionship of a tlanum diexide white
pipmented composite.  Figure 4 shows the refloctance
versus wavelength relationship of a phthale blue com-
posite containing fitanivm digxide. Mote the differences
i1 the reflectanee curves,

Light is scattered when it penctrates into an ob-
ject comtaining two or more phases of dilTering refractive
indices. Fipure 2 dernonsirates the phenomena of light
scalicring. Scattering consists of an abrupt change in the
spatial distribution of light. Ome such example is a pig-
mented coating or composite. Light penetrating into the
coating or composite i3 scatersd due to the dilference of
the refractive index of the pigment versus the polymes.
or medium it is dispersed in. A portion of this scattersd
light exils the object and is incheded in the refloctance
macasurement,  The spatial distribution and mlensity of
the scattered light is @ function of the phase and wave-
length of the incident light, the particle sizc, the particle
morphology, the particle composition, @nd the medium
compasition.

Optimsal hiding power {abality to mask the sub-
strafe) 15 achieved when the relative refractive index of
the pigmcotation 1o the medium e occupying, is as high
ag possible and the pigment parlicle size is approxi-
mately 12 to 13 the wavelength of the incident radia-
tion. A piament dispersion of titanivm dioxide for ex-
ample, with a primary particle size of 200 nanometers,
will most efficiently seatter incident light with a wave-
length of 320 nanometers assuming a refractive medex of
the pigment to be 2.74, and the refractive index of the
medinm o be 1,50 (Faal, 8) [ s importanl W OpLILEG
the particle size disiribution and spacing of the infrarced
reflecting pigments o increase the scattermy efficiency
relating to the Jonger wavelength compoaents of the in-
cident light {up to 2500 nonometers in the case of
Sumlight).

Total Solar Reflectance

Total solar reflectance (TSE) is a measure of the
amount of incident solar energy reflected from a surface.
In the terms of mathematics, the todal solar reflestance is
exprezsed a5 the integral of the pereent reflectance mes
the solar irmediance divided by the integral of the solar
irradiance when integrated over the 280 o 2500 nanome-
ber TngEs

J (s -1dn)
WTER= —
[ 1.
where R = percent reflectance
1 = Solar lrradiance
di. = the wavelenpth interval of inegration

<100 (Eqn. 2}




a 250 walt heat lamp war] thermal equilibriom i esiabs
lisked. The resulting temperatune delia above ambient 15
used 10 caloulae a predicted heat build correlating ke the
temyperature of an actial exposed exterior surface

‘The vertical heat build maximum is defined as
41 degrees Cedsius, and the horizonta] heat build masxi-
mum is defined as 30 degress Celsius. A carbon black
hased control is used 1o cstablish the maximum labora-
tory value, and this is used o caleulate the theoretical
heat build of the sample.

Test Methodologies — Solar Spectral Reflectome-
ter

The seler speciral reflectometer {S5R) is wsed 1
measure the percent total solar reflectance of an object.
The 55K measurcs total solar reflectance hased on fowr
filtered detectors, and wiilizes o nmgsten filament light
source. [t is capahle of Tour different air mass settings,
and utilizes inteprating sphere goomelry with a bwienty-
degree obsgrver, The resulting measurcment i3 4 per-
centaze (%) total solar reflectanee valee,  This instru-
ment i crucial in the proper sereening of materials and
perlorming quality contrel tests on infrared reflective
products. ASTM C 1549 utilizes the S5R in determining
the =olar reflectance of subsirates.

Test Methodologies — Emissometer

The emissometer is an instrument used o de-
fermine e emissivity of a specimen, Tt allows the for-
mulater o characterize and maximize emissvity in order
to achieve the grentest benefil from mfrared reflective
technology. ASTM E 408 is the standard west method for
determination of 1oia] normal emittance of surfaces.

Test Methodologies ~Thermal Imaging

Thermal imaging is & process allowing the user
to view radintion coitted from an object ol wavelenglng
within S000 1o 13000 nanometers (5 — 13 um). The tech-
nology consists of a micro bolometer array coupled with
specialty permanium based optics and image procesting
software.  This technology allows the user o see the
temperature of objects and has many wses, one of which
iz characterizing the performance of nfrarcd reflective
products, and the potential failure modes associated with
auich products.

Test Methodologies UV-VIS-NIR Speciropho-
tometer

The UV-VIS-MIR i5 2 spectophotometer that
measures the percent (%) reflectance or ATAmEMESEO T
over o wavelength range of 250 to 2300 nanometers {ihis
varies by model; some instrumentation can messure up-

wards of 3000 nm). UV-VIS-NIR spectrophaotometers
come in single beam (absohae) and double beam (rela-
tive) modes of operation,  Typeeal UN-VIS-NIE instru-
prrents have 2 high resolution, and allow detailed charse-
terization of unigue materials and polymers wtilized in
infrarcd reflecting applications.  The UV-%TS-NIR pro-
vides o detailed book at object=light interactions oulside
of the visible spectrum and i also a critical instrument in
wentifying materals ivolved in specific filure modes,
such a3 cross contumination. The UV-WIS-MIR is a nec-
exsary research tool when devieloping new synergistic IR
reflective technologies (Parker. Mellvaine, Barkase.
Beal, Ancllo, 9, AZTM E 903 outlines a stndard e
method for determining solar absorplance, eeflectance,
and transmittance of materiale using integrating sphere
specirophotometers (Parker, Mcllvaine, Barkaszi. Beal.
Amello, 9.

Infrared Reflective Pizmentation Science -
Keeping Ohjects Cool

Infrarcd rellective pipmentation sceses ulilizes
the unigque properties of specially pigments to achieve 2
cobor of choice by reflecting, {or absorbing) the comrect
wavelengths of encrgy. and controlling the emissivity o
the benefit of the user. Infrared reflective pipmentation
technolopy allows the user o achieve a specific color
space in the visible light range, while reflecting light in
the near infrared range of the electromagnelic spectrunm.
Thiz reflection of lizht in the near infrared reduces the
equilibrium tempersture of the object due to a lower
overall encroy absorption (less enerpy is absorbed and
ultimately converied 1o heat).

Traditional codorants such as carbon hlack
achicve a dark color space by efficiently absorbing visi-
ble light. However. this type of pigmentation also ab-
sorhs egually well throughout the near infrored,  Becausc
$3% of the Sun’s incident cnerey i in the infrared, a
sigpificant amount of energy is absorbed and converted
to heat causing an environmentally undesirable macro
effest such as a Hest Island. Heat [slands occur in wrban
sreas where mmbient temperatures rise well above the
temperstures of the surmounding area due to o large ab-
sorption of incident solor radiation resulting in 2 heal
build-up effect (Pomerante, Pon, Akbari, Chang. 11).

When an object pigmented with earbon black iz
expased 1o sunlight, the temperature rise above ambicnt
can easily exceed 80 degrees Fahrenheit. The resullant
heat build-up of a rool, or building surface coated or pig-
mented with carbon back will couse increased heat
transfer into the structure, and a5 2 result. Increase cool-
ing loads on a structure. Increased cooling loads will
comtribule to an increase i utility costs (Akbari, Ko-
nogracki, 2.




The primary difficulty in pigmenting exterior
thermoplastic substrates is in achieving a dark color
space while avoiding warping of the thermoplastic. The
siructural integrity of a thermoplastic part will be fe-
duced or fail completely if the temperature of the part
exceeds the softening point of the base material.  Tradi-
tional pigmentation must be used with caution in most
exterior thermoplastic applications,  Infrared refloctive
techmologies are wtilized 1o maintain a heat buaild belonw
tha of the sellening poind.

Thermal cveling ocours due o the expanson
and eentraction of matertals due to the repeated exposurs
1o temperature fluctuztions from day to night. When ma-
terigls are heated, they naturally expand, and then con-
tract when they are cooled. Lowering the heat build by
maintaining a high solar reflectance and high emissivity
minimizes the cffects of thermal cycling on stnsciural
components, and may improve the longevity of these
I:.'l:I'ITleEﬂl.'E-

IR Reflective Compasites — Possibilities

The foous of infrared reflective technologies has
been largely oricnted tlowards the coatings mdustry.
Many potential applications exist m the thermosel plas-
tics industry as well. The underlying science behind the
pigment — substrate interactions in A coating film are
pqually applicable in many ways Lo 3 pigmented thenm-
sel composite matrix, To investigate the propertics and
pesformance of infrared reflective tochnology, specinlly
pigment dispersions were ercated in an unsaturated poly=
ester resin.  These dispersions were subscquently evalu-
ated inoan ATH {aluminum tri-hydeate) filled polycster
thermosel compression molded cwmposite at varus
loadings. Color readings, heat build, and total sobar re-
flectance measerenents were collocted.

IR Reflective Composites — Relationship OF To-
tal Solar Reflectance to Predicted Vertical Heat
Build of Titanium Dioxide White, and Carbon
Elack Pizmented ATH Filled Thermoset Com-
rosites

Although ASTM I 4803 was specifically cre-
ated for predicting the heat build of vinyl substrates, it
can he applied 10 other substrates such as wood and
thermoset composites (Rabinovitch, Quisenberry, Sume
mers, 120

All composite heat build testing data was col-
lected m equilibrium temperatares arrived =l by analya-
ing data collected wsing a iwo channel data Jopping
thermacouple. All composite data utilized the same car-
bom black standard controd temperature, Ty per ASTM D
4803, 1o assure consistent comparative results.

Figure & shows the relationship between total
solar reflectance (% TSR] and vertcal heat build, as pre-
dicted using AZTM [ 4803, of fowr compoasite panels
created at different boadings of titanium dioxide pigment
dispersion (1.0%, 2.0%. 5.0%, and 10.0% respectively.
boesed on pesin and filler).

Figure 9 shows the nelationship between total
solar reflectanee and vertical heat build, as predicted us-
ing ASTM D 4803, of four composite pancls ereated at
different loadings of crrbon black dispersion (0.23%.
5%, 0.1%. and 2% respectively. based om resin and
filler). The data clearly demonstrates the deleterious ef-
fects of carbon black in an infrared reflective compogite
where the goal is mimimization of heat bl

The empirical properties outllined in figures §
and 9 demonsirate the maximum and minimum bemefiis
ome may gain by using infrared reflective technologies in
this ATH filled thermoset composite formulation, White
exthibits the greatest degree of reflectance over the wave-
length ranpe of nterest {excluding any improvements
which may be guined in synergistic particle sixe distribu-
tion conirol, system resin effects, and filler influence)
while carbon hlack exhibils the greatest ahsorption over
the same wavelengths of interest at a given L* wiahie.
Most colored infrarcd pigmentation will perform be-
tween these oxaximum and minimum boundaries at Tull
opacity. This s due to the absorption effects of the col-
orants in the vieible mnge. Even if the non-while pig-
mentation has the highest degree of infrared reflectance,
the Lotal solar reflectance will be lower than tsal of an
opaque highly reflective white composite due 1o s en-
ergy absorption in the ultraviclet and visible portions of
the spectrum,

Thermoset Composite Solar Reflectance Data
Case 3: Black Composite Comparison

When a traditional black composile 15 compared
to an infrored refloctive black composile, a raw 17.8%
incecase in todal sodar peflectance & achicved (Table 4).
The heat build testing of the infrored reflective black
compaosite per ASTM [} 4803 vields an 8.5C lower pro-
dicted heat build-up. The net result is o visually similar,
and cooler substrate when using the infrared reflective
black versus a traditional black.

Case 4: Gray Thermoset Composite Comparison

Table § companes three gray composites created
al a similar light 10 dark value {L*) with ifferent pig-
mentarion chermistries. All three pravs otilized 5% of 2
white dispersion hased on the filled polyester system.
Table 5 shows the solar reflectance, LY, and vertical heat
build of a traditional gray, IR reflective gray, and 1R re-
flective synergistic pray, The infrarcd reflective gray
achieves a 10,4 degree Celsius heat build advanlage ver-




Figure 1: The ASTM G-173 solar irradiance spectrm
(ASTM, 14).

Figure 22 Laser light {632.8nm) scattering from a dilute
2% malk solution.

Fizure 3: A typical nellectance curve of a white compos-
ik
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Figure 4 A refleciancs curve of a phthale blue and white
pigmented thermiosel composite,
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Figure 5: Plots of the spectral radiant excitance vemsus
wavelength of a black body mdiater al varying lempera-
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Figure & Black body rodisted cnergy versus temaperaiure,
caleulated u.'ﬂ Eqn. 5 (Holman, 1.
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Figure 7: Radiated energy versus emissivily of a series of
gray bodies with differing emissivity at 150F.
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Table 1: Typical Emissivities of Common Objects
(135

Polshed Abpriniis 00500057
Uhcidimed Adurminiim el
Polished Stminkes Sl LIRR

Zand blasted Stainless 3%

White Faint ( Tizniam Dioxids Basad) &S — (82
Leafing Almmimsas Faint 0,23 — 029
Water L85
Alhurimem Fol o005

Table 2 L*, % TSR, and Predicted YVertical Hent
Build Data of a Traditional Gray, and Infrared Re-

Mective Gray Coating®

Bampl: 1= TeTSR  Verticl Heat Build { 'C)
Trad iray 5:e5 015 3.8

LHE Gy 5258 471 it

* P bk pest performmed on aodating aver bardwaod pamel

Table 3 % TSR and Predicted Vertical Heat Boikd
Data of Three Green Blends in a Coafing System

Sample TSR Wetical Heat Build {C)
Trad. Green Gress 1] T4h IE &
IRE Greem (Grein Th 202 23
IER Cirees (Groen 3 36.8 03

E% in cear waterhreed aerylic coating enir white shermoplastic sub-
siralc.

Table 4@ TSR and Predicted Vertical Heat Build
Data of a Traditional Black amd an IR Reflective

Black Composite
Bl ISR veshical Heat Build (°0)
Trsdnional Black (2.5 i ELE

IR Reflective Black (104%) s 32

Table 5: L*, Solar Reflectance, and Predicted Verti-
cal Heat build of various Gray Infrared Reflective
Compasites {Dispersion loadings based on risin and
fillker)

L™ S%T5R  Verncal Heat Bwild OCF
Traditiomal Geey (0.5%) 5309 & T4
IR Reflemive Gray (L01%G)59.5% 422 270

LK refloctive Synerpisic
Caray (LR 17T 563 A4




