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Abstract

Fecent advances in pigmentation technolopy
have allowed formulators o achieve a greater infrared
neMectivity versus traditional pigmentation technologics
in functional coatings, while mainaining the approprisie
light ahserption in the visible spectrum to impart color.
The ability of functional infrared reflective coating sy-
fems to lower hest build-up resulls moreduced thermal
warpape. roduced thermal eycling degradation, kewer on-
ergy oosts relxted 10 cooling. and improved comfort and
functionality of dark color exterior obyects such as park
benches, hand railings, and even polymer concrete, This
paper will impart knowledge of infrared pigmenlElion
technology to the reader, and explore potential new ap-

- plications of infrared reflective pigmentation wechnology
UL COposibes.

Introduction

Rising energy costs continue o drive advances
in new technolegies designed o improve encrgy elli-
ciency. Ome such technology is the use of specially in-
frarcd reflective plgments used B impart color t an ob-
ject, and reflect the invisible heat from the ebject o
minimize heat build-up, when exposed w0 solar irmadi-
ance, Ultimately. the reflection of infrared energy low-
ers the heat build-up resulting in a reduction on the losd
of the cooling svstem, and therefore a cost savings.

In order to understand and maximive the fune-
tional mechanisms and cffects of infrared reflecting pig-
mentation technolopics, one must understand the 5¢i-
ences reparding solar radiation, black and gray body ra-
diation, emissivity, reflectance, total solar reflectance.
light scattering, light abserption, and relevant test meth-
ads. The following will explain.

Electromarnetic Radiation

Electromagnetic radiation 15 a term wsed for
wave enerpy consisting of magnetic and slectric compo-
nents propagating through space. There are mamy Forms
of clectromenetic radiation all arcund us, The eleciro-
magnetic spectrurm includes  wavelengths of enerpy
ifrom lowest o highest encrgy} radio. micro, inlrarsd,
visible, ultraviolel, x-ray. and gamma ray radiation
(Faote, Purcell. 4.

Light is o form of clectromagnetic rediation.
The actal nature of light is quite complex, Light waves
produced by a nuclear fusion reaction in our Sun, for ex-
ample, propagate through space wl a very high rale of
speed, which is defined as a constant 300,000 kilometers
per second in 2 vacuum. This is the phase velocity {or
specd) of light. 1 takes light waves (also called photons)
approcdmately cight minutes to reach the Earth after they
have been generated by the Sum. All living things owe
their existence 1o the Sun's energy hathing the Earth in 2
broad swath of cleciromapnetic adiation,  Surroumding
the Earth is 2 magnetic field shielding the Farth from
much of the higher intensity rafiation cmitted by the
Sun, such s xerays. In addition, the molecules of gas,
water vapor. and particles of dust in our atmosphere ab-
sorb a significant amount of electromagnetic radiation.
The remaining electromagnetic radiation that reaches the
Earth’s surface s discussed in the following section.

The frequency of light o it 65 related to the
wavelength of Light i shown in Equation 1. This equa-
tion applics o light traveling in a vacuum,

F=cih  (Eqn. 1)

F = the: [requency of light in hertz (cycles per
weeond)

3= wavelength of light in metess

o= speed of light in meters

When multi-chromatic Tight penetrates imo 2
medium, a prism for example. the differing wavelength
components of the light will travel at slightly different
speeds in the medivm due to the varistion of refractive
index with wavelength. This results in a separation of
the light into its different color components. A com-
monly known example of this effect is a rainbow created
by sunlight interscting with water droplets.

Sunlight

Termestrial solar radiation, or sunlight which
reaches the ground, consists of three types of radiation;
wltraviolel, visihle, and oear infransl.  The witravielet
portion of sunlight reaching the carth  (also known s
ionizing radiation) has @ wavelength range of 280 nano-
mitlers W approximately 400 sopometers. Dne nasome-
ter is one hillionth of @ meter. Visible light is typlically
discussed in wavelengths of nunometers or micrometers.
One micromeler is one milliorth of a meter.  Visible
light has a wavelength range of 400 w 700 nanometers
(Kotr, Purcell, 43, This encrgy range is where the human
capahility of sweing and recognizing color exisls (3ome
people may be able to soe color in an extended range off
380 — 740 panometers).  Mear infrared radiation has a
wavelength range of 700 nenoawiers to appeoximately
10,000 nanometers {nm), or 10 microns (um). Terrestrial




Total solar reflectance 15 expresscd a5 o per-
centage, Typical white coatings exhibil a total selar re-
Mectance of 73% or greater. A white coating with 2 wtal
solar reflectance of 75% by definition will absorh 25% of
the incdent coergy, A hlack ooating based on carbon
black pigmertation may have a total solar reflectance as
low as 3.5%, and therefore will absorb 96.5% of the in-
cident solar energy.

Black Body Radiation

Conling effect optimization of infrared pigmen-
tation technology requires a good understanding of emit-
ted radiation. particularly in the nfrared range. All ob-
jects emndt radiation as a function of tempernture. Under-
standing and maximizing the cmissivity of an obect al-
lovws @ greater cooling benefit o be achieved by the for-
mabaler,

A black body is defined as an object that ab-
sorbs all incident radiation. and that emits specific waves
lengths of cnergy 4s a function of temperature.  Planck
developed a mathematical formula yielding 3 black
body's spectral radiant excitance per wavelength as it
refates 1o the tempersture of the body, This 15 known as
Planck™s law of black body radiation.

The speciral rechant cxcitance per wavelength per medes
aquared (M2) equals M, Wyszmecki. Sules, 1)

M= (cfhug  (Wans{M*M)) (Egn. 3)

h= Planck’s constant {66261 76 X 10-34 1%5)

o = vedocity of light {2.99792458 X 108 M*s-1)

k = Boltzmann constant (1.380662 X 10-23 J=g-1)

where
nei= Behoi-die hekTh— 1)-1 (J*m=3) (Eqn. 4)

T= absohste temperaturs in Kelvins
ho= wivelength in melers

Mote: o convert Me 1o Wartsih ), multiply by 1 X
r*

Manck's law explains why an object such as an
iron horseshoe has a red glow when placed in a furnace,
As the temperature of the iron incresses, the color will
shift from red 1o the more energetic (bleery wavelengths,
Figure 3, calculated wsing Egn. 3, (Wyszecki, Stiles. 1)
shows a phot of the spectral radiant excitance of a black-
hosdy at varving absolule temperatares, Note that as the
temperature of 4 hlackbody increases. the maxima of
wavglength is shified towards a higher energy or shorter
wavelenpih.

The total eneroy radisted from & black body
over all wavelengths ol a constand absoluie emperiune
measured in Kelvin is expressed in walls per square me-
ter by the Stefa-Boltzrmann Low as (T Telenan, 10y

Encrgy Emitted = a(T]  (Eqn. §)

Where o = Siclan=Moltzmann Constant
= 5 670 40k 07 W R
T = absolute temperature in Kelvins

Figure &, calculated from Eqn. 5 (1 lelosan, 10)
shows a plot of the emitted energy per square meler of a
Black body radiator at iypical temperatures encountersd
in every day life. Mote that a black body radiator at a
temperature of 200 degroes Fahrenhieit emits 2 significant
arnount of thermal energy (ust under 1000 walls per
SujAan: meler).

Giray Body Hadialion

A gray body 1% an objeet deviating in emittance
from a perfect black body radiator by a defined fraction
exprossed in terms of emissivity { £ < 1 ). By definition.
a gray body’s emiltance is not wavclength dependent,
and is therefore constant, In reality, the comittance of an
abgeet k2 dependent upon wavelength and angle of obaer-
vation: indensity wvares with the measured angle and
mezasured wavelength {Hoelman, 6).

Emissivity

The greater the emissivity of the surface of a
given substrate {closer 1o that of @n ideal Black body ra-
diator), the lower the heat build in the ohject, with all
other variables remaining copstant.  For the formuolator,
thiz factor is quits impactant, a5 one will want 1o maxi-
mize cmissivily when designing infrared reflecling coat-
ings or composites; the greater the emissivity of an ob-
jeol, the greater the object’s ahility 1o radiate electro-
magnetic energy. Table 1 shows several emissivities of
common ohbjects (13)-

Figure 7 illustrates the relationship between the
radizted enerpy of a gray body at a constant lempersture
with changing emissivity.

Test Methodologies — Heat Build Testing

Hoveral test methods and procedurcs are avail-
able 1o aid the formulator using infrared reflective pig-
mentation echnology. ASTM I 4303 5 a test method
predicting the heat build-up of exerior objects {objects
exposed 1o the Sun) in the laboratory. This b=t mcthod
consists of placing the object 1o be tested above a ther-
mcouple moan insulated bo, and exposing the object o




Coatings formulated with infrared pigmentation
are designed for application over subsirales o improee
among other things. their refleetive, emissive, and visual
attributes.  Freguently these coatings ame appliod over
cubstrates that are highly absorbing (low Lotal solar re-
flectance) to vield a eoated subsirate with a higher wtal
solar reflectance. Reducing the energy transforred inio a

system will reduce the overall equilibrium temperature of

the system when all other variables remain constant
When designing an infrared reflective costing o cool
couling, one musl maximize iotal solar reflectance.
maximize emissivity. and minimize all conlamination by
infrarcd absorbing materials,

IR Reflective Coatings - CASE 1; Infrared Re-
flecting Gray versus Traditional Gray

The efficacy of infrared pigmentation techrol-
ogy is best demonstrates when comparing a traditional
gray coating with an infrared reflective pray costing (Ta-
ble 7). The gray coatings have a similar Tight w dark
colos value (1.*) using the CIE LAB system, resulting in
a Dichta L* of 0032, This indicates the coatings arc ach-
rogsatically equivalent, The total solar reflectance of the
traditional gray coating is measured at 17.5%, and the
tntal sokar pellectance of the infrarcd reflective gray coat-
ing is measurcd at 47.1%. While the visible color differ-
ence is negligitle, the total solar reflectance indicates 2
w796 % difference. The result is a reduced heat
build-up as predicted by ASTM D 45803.

IR Reflective Coatings - CASE 2: Traditional
Green versus Two Infrared Reflecting Greens

Three proen costings were srcated 10 demon-
strate the wse of color matching with infrared reflective
pigmentation. The first green (Green 1} was created us-
ing standard colorants, The second Green {Green £ was
created using infrared reflective pipmentation technol-
agy, and the third green (Green 3} was crebed wsing
synergistic infrared reflective technology. ANl three
green color matches ane visually equivalent in color,

The total solar refleciance of the iradition:]
preen costing {Gireen 1) g mensured ab 7.6%, and the o-
tal solar reflectance of the infrared reflective green coat-
ing (Grecn 2) is measured at 20.2% (Table 31 The total
solar reflectance of the third coating (Green 3) is meas-
ured af 36.8%.  Whils the vizible color differences wore
negligible, the total solar reflectance values indicate a
significant difference. which has a pronounced impact on
beat buildeup as prdicied by ASTH [ 4303 (Table 3.

IR Refective Technology - Example for Consid-
eratign:

Teaditional black asphalt shingles are well
known for their ability i absorh heat in direct sunlight.

Roofers oflen ol in sweltering conditions when install-
ing or replacing asphalt shingled roofs. TBlack asgthalt
shingles have a total solar rellectance of 3.5%. thul %,
they absorh over 96.5% of the incident solar cadiation,
This couses the rools 1o heat o exceptionally high 1em-
peratures. Under the worst conditions, temperalures can
well exceed 180 deprees Fahrenheit. This absorbed en-
erpy is conducted. convected, and radiated into the build-
ing structure via the large temperature gradient. This ul-
timately resulls in & hotter building requiring additional
air conditioming 0 cool the rooms and at 4 gresier encrgy
burden. Assuming #n averape solar irradiance of 900
walls pef squan: meler {an average value derived foom
the integral of the ASTM solar iradiance spectram), this
translaies 10 encrgy absorpiion of 8856 walls per Squans
meter, or 8686 joules per second.

Lzing infrarcd reflective pigmentation technol-
ony, the same black color space can be achievied using
specially infrarcd reflective pigmentation. By using spe-
cialty infrared reflective pigmentation the formulator cm
develop a coating with a total solar reflectance of ap-
prosimately 29%. This greater solar reflectance means
that although T1% of incident solar energy i ahsorbed.
or around G3% watls per square meter of energy is ab-
sorbed. there remains 3 26% reduction m energy absop-
thon wersus Lhe asphalt shingle roof

A secomd approach is o use a specially syner-
gistic infrared reflective technology. Utilizing this ap-
proach allows the formulator 1o have the visual effect of
a dark color while achieving a higher solar reflectance.
Tt i% possible o produce a shade of hlack with a Lzl so-
lar reflectance of 47%. and nct energy absorption of
53%._ or 477 walls per square meter, and yield a 47% re-
duction in ahsorplion of energy.

IR Reflective Technology — Contamination Con-
Cerns

Comlamination is a serious issee when using 1R
reflective technologics. For example, carbon black is a
pigrment that has much benefit to the composite and coat-
ings Tormulators. Carbon black pigments generally peo-
duce strong shades, and are used for UV protection and
low cast, However, carbon blacks are very strong ulira-
viglet, visible, and near infrared absorbers. Carbon
black. gven in bow quantities (= 0.01%) can have a dede-
terious effect om IR reflective formulations, [nfrared re-
flective colorants and TR reflective products developed
from these eolosants muast be mantactuned without cross
conlamiration from 1R absorbing materials such as ear-
bom black.

TR Reflective Technology — Avoiding Warpage
and Thermal Cyveling




st the traditional sray ot o tolal solar reflectance of
43.2% as compered to a total selas reflectance of 20.9%
fir e traditional gray composite.

The synerpistic infrared reflective gray compos-
ite shows a twtal solar reflectance of 56.3% and a pre-
dicted vertical heat build of 26.1 Celsiug, which is 11,3
degrees lower than the traditional gray composite,

Case 5: Thermoset Composite Infrared Reflec-
tive Black % TSR versus Heat Build Evaluation

Figure 10 shows the relationship bepacen total
solar reflectance and predicted vertical heat baild of an
infrared reflective black pigment dispersion in a white
ATH filled thermosel composite sysbenm.

Figure 11 shaws the L* versus predicted verti-
cal heat build of two sets of thermose! composite panels,
One set of pancls was created with carbon black pigren-
tation in a Gtanium dinxide white pigmented, ATH filled
systemn. The other set of panels was created with an in-
frured reflecting black dispersion in a titanium dioxide
white pigmented, ATH filled system.

Cleary, the compodite panels created using the
infrared reflecting black exhibil @ much greater total so-
Lar reflectance at a given LY value,

Case #: Thermoset Composite Infrared Reflec-
five Red %% TSR versus Heat Build Evaluation

Figure 12 shows the relationship between total
solar reflectance and predicted vertical heat build of an
infrared reflective red pigment dispersion in a titanium
dioxide white pigmented, ATH filled thermosel compos-
il Sy stenm.

Figure 13 shows the relationship between L™
amd total solar reflectance of an infrared reflective red
pigment dispersion in 2 titmiusn dioxide white pig-
mented. ATH filled thermoset composite system.

Conclusions

Recent advances in pigmentation technology
have allowed the formulator to achieve a greater infransd
reflectivity versus traditional pigmentation technologies.
These technologics are currenily being applied in vanous
coatings applications, and the science behind the tech-
nobogy is applicable to thermaoset composites.

A clear vmaderstanding, of the function and oom-
position of the composite material, along with peoper
pigmentation sebection will yield composiles with greater
infrared reflectivity, higher total solar reflectance, and
lower heat build-up while achieving the target cobor.
This strategy allows the formulstor o potentially add
valuse and function 1o the composite matrix, This value

was nod previcusly altainable using traditional pipmenta-
tion technalogy,
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Figure 8: Tianium dioxide while pigmentad composite
predicted heat build versus %TSR relationship at 10.0%,
5,00%, 200, and 1.0% dispersion loading based on resin
and filler.
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Figure % Carbon black and titanfum dioxide pigmented
composite heat build versus %TSR at 0.0%, 0.23%.
1.0%, 2.0% and 50% carbon black dispersion londing
hased on resin and filler (The white dispersion loading
wits held constant sl 3.0% based on resin and filler).
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Figure 10; Infrared reflecting black and titanium dioxide
pigmented composite heat build versus TSR al 0.0%.
0.50%, 1.0%, 2.0%, and 5.0% infrared reflocting black
dispersion loading based on resin and filler (The white
dispersion leading was held constant a1 3.0% bascd on
resin and filler).
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Figure 11: A plot of the relationship of L.* and predicled
vertical heat build of a white ATH filked compaosite pig-
miented with carbon black, and 2 white ATH Lilled com-
posite pigmented with an infrared reflecting black.
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Figure 12; Total solar reflectance versus predicted heat
build of an infrarcd reflective rod composite at (10F%,
A0, 10%, 20%, and 5.0% [padings with a white dis-
rersion at 5%,
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Figure 13: Total solar reflectance versus heat build of an
infrared reflective red composite at 5.0%, 10%. 1.0%.
0.7%., and 0.0% loadings with a white dispersion at
5.0%,
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