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Abstract

elyrnere pleysical faws goverting Hhe response af caatings fo solnr aend dafrared redeshined
hae buen reviewed.  The reflection of infrared radiction by a paint is controfled primrily
i the refractive index mnd parkicle size of the piguieRts in Hre comtiang.  Plmens I
heen gvaluated for reflectmuce, transparoce aed Ruiding power o e pentr Dnfared regeod,
iind gueidefinies fur pigment selection for various applications grven it terins of i oyrbigal
prroperties in the near infrred region.  Raw materials setection. mummaticture and
evaluation of coatings have been dissussed with respect 10 tafioring inerrored reflecharnce,
By emplaying the principies developed ferein and ustitg pigrents with qupropridte
progertivs, organes coatings lisve been developed wieh are consisbent sooithe Bl esilile
colonr requirements of the Austrabian and Us Movies. Sigmificamt pecremses o tie
reflection of thfrared madiations kape besn demorstvated by the new formulobions. The
nved for @ very clear understanding of the threal systems med the aperntional conditions af
servuce platforms has been emphagised. [t is only with this wnderstanding Hut AR
petinet schemes can be devised.  However, it can be stabed Hhat the use of e solar igfrared
refiecting paints described herem ool rediece corspionity of folnted Hatforms fn
syrreilience mind sevker systers operaling i ther mafd g far infraved Geithont detrivnst fo
pisu] camouflaye chardcteristics,
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Formulating Infrared Coatings for
Defence Applications

1. Introduction

The short electromagnetic wavelengths which charscterize near and thermal
infrared radiation permit the use of thin coatings 10 controd absorption and
seflection of radiation in these regions. Paints can be designed which increase the
reflection of incident solar radiation while retaining the visible properties of
colour and gloss. The increased reflection reduces heating and lowers the energy
requiremnents for cooling. [n other instances, paints may be required to reduce the
cmizzion of thermal infrared radiation and shift infrared emussions to different
wavelergths, thus reducing the likelihood of detection. Coatings may also be
formulated to combine reduced emissions n the thermal region with reduced
refieetion in MIR bands used for laser detection.

Requirements to control infrared properties of coatings arose after the
development of mfrared photography. This need led to changes in paint
formulation aimed at reducing reflection in the near infrared (NIR) region
between 720 and 300 nm. With the increasing use of infrared detectoss, paint
specifications have refained the requirement for Jow infrared rethection. However,
low MIR reflecting paints strongly absorb the IR component of solar radiation,
As such, they increase thermal infrared (TIR} signatures and the likelihood of TIR
detection as well as adding to the cooling requirements. At the present time, the
opfimum balanee for NIR or TIR signatures has receivid [ittle attention.

This report examines mechanisms influencing the reflection, transmission and
absorption of visible and infrared radlation by paint coatings. The report details a
number of new paint formulations to meet defence coating requirements which
significantly reduce thermal emissions. Consideration is alse given (o the
selection of fermulations to meet different combinations of threats and
environments.
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Figure 1: Radiation énsrgy af three betperalires,

Wher Equation | is integrated over all wavelengths, the Seefan-Boltzmanm Law
{Equation 2] is obfained

W = g (2a)

[in1 which @ is the Stefan-Boltzmann constant (5.67 = 102 W m= K]

For non-ideal systems, the total radiative emissions are proportional to the
prmittance, £, of the surface and the equation describing the total power W
radiated by a body becornes

W = a4 2k}

The emittance, €, of a surface is the ratio of its emission to that uf an adeal black
body at the same temperature and can vary from Oto 1. The emittance of metals
such as aluminum and nickel as well as treated metal surfaces with thin exde
coatings is typically in the range from 0.05 to 015 and these materiaks are
inefficient radiators of encrgy-  As well as being poor radiators of thermal
radiation, polished metal surfaces are good reflectors of incident radiation. The
emittance of organic materials such as plastics and most organic coatings is high
(0,85 to 0.95). When the ratic of the spectral ermission of & surface to that of a
black body is constant with wavelength, the surface is known as a grey body. In
most cases, the emissivity varies with wavelength and the coating is said to be 3
selective radiator.
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it leaves in all directions. Diffusion of radiation arises from a large number of
essentally random scattering events and in paint technology, the overall diffusion
process is simply termed "scattering”.

The selection of pigments largely determines the thermal control provided by
coatings. The most important aspects of these are the solar absorptancoe, &, in
the NIR and the emittance, g, in the TIR regions. Examples of specific thermal
requirements include (i} high solar absarptance to reduce photographic or NIR
laser detectibility, (ii) low salar absorptance o keep illuminated equipment cool
irt hat enviconments or, (@i} low emittance ta reduce thermal detectability.
Coatings may combine low emittance properties with either high or low levels of
solar absorptance.

Camouflage of defence equipment in the visible waveband is usually achieved
by the use of dark coloured low gloss paints. Dark coloured paints, e.g. navy
greys, are commanly farmulated with carbon black which is a strong absorber of
solar radiation and reduces photographic and laser detectibility in the NIE.
However, paints formulated with carbon black have high emissivities and
strongly emit thermal radiation. A number of metal oxide coatings applied to
metal substrates combine high solar absorption with low emissivity in the TIR as
thin oxide layers absorb short wavelength radiation but ane transparent in the
longer wavelength infrared region. These absorption characteristics act to reduce
the chanee of detection in both TIR and NIR regions. However, as these coatings
sirongly absorb solar radiation, heat build-up may be a problem. By replacing
carbon black or the black metal oxides with enganic perylene blacks which absorb
weakly in the MIE, paints can be formulated in the same colours to reduce solar
heating, Like the mesal-metal oxide paints, the perylene black paints are selective
absorbers, however, whereas the metal-metal oxide paints absorb strongly in the
MIR and poorly in the TIR, the perylene black coatings absorb weakly in the NIE
region and strongly in the TIR region. Low emittance paints may also be
formulated with metal flakes, e.g. aluminium, which provide strong reflection
Across the visible and infrared spectrum.

The reduced thermal exitance resulting from either lower temperatures or low
emittance reduces the chances of thermmal infrared detecticn. However, when the
detector system has both near and thermal detecting elements, such as in some of
the air borme systems, the requirements involved in paint selection are more
complex. Under normal conditions, the laser systemn has greater range than the
TIR detectors. This imbalance permits active rangefinding weil outside passive
acquisition range. The use of solar reflecting paints will accentuate the imbalance
by reducing the acquisition range while further increasing the active NIR
rangefinding capability. Under normal daylight conditions this will lower the
detection range while having little effect ar night. An alternative paint for this
application would be the NIR absorbing, low emittance metal-metal oxide paints.
Hawever, their use under Australian conditions, particulady in northern
Australia, would result in considerable heat build-up,

It should be appreciated from the above examples that paints may be
formulated which provide sither (i) absorption acroas the MIE and TIR regions.
{li}) reflection acroas the NIR and TIR regions, or (1) absorption in the NIR and
reflection in the TIR region or vice versa.
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Equation 6 is in close agreement with experimental observations [3]. It is seen
that the emittance of conducting materials decreases as the wavelength increases
and, in practice, paints with low thermal emissivities are usually formulated with
metal pigments. Flaked metal pigeents are commenly chosen because they have
large flat surfaces which maintain high reflectivity compared with smaller metal
particles.

2.5.2 Scattering of Radiation

Scattering of wisible and infrared radiabion is a single stage process and is
commonly referred to as being either elastic or inelastic. Scattering in which the
mdiation retaing the same quantity of energy and momentum and hence with an
unchanged frequency 15 considered to be elastic. Rayleigh scattering is such a
process. Scattering in which the energy is exchanged with the scattering object is
termed inelastic and is referred to as Raman scattering. Ik is much weaker than
Rayleigh scattering_ In Raman scattering, the energy is shifted by an amount equal
to the change in vibrational energy of the material through which the radiation is
passing.

There are other phenomena which involve a two stage process of absorption
and reradiation of the energy after a delay. These are termed luminescencoe,
fluorescence or phospharescence, depending on the delay time, however they are
not considered to be scattering,

Elastic and inelastic scattering processes result from electromagnetic radiation
perturbing the elactronic cloud surrounding the molecules of the irradiated
material. Weakly bound electrons are most able to respond to the fields of the
radiation with increased delays at higher frequencies. The electrons attempt to
screen the alternating electric field of the incoming beam. This field can induoe an
energy transition in the material with a corresponding energy change of the
infrared phinton. Inelastic seattering of this kind is called the Raman effect in
condensed media.

Rayleigh scattering occurs in the presence of small independent particles
commanly present in colloidal and other suspensions containing particles with
sizes comparable to or larger than the wavelengths involved. Such scatiering,
which is nearly wavelength independent, is called "white scattering” and is also
known as the Tindall Effect. Rayleigh scattering has been extended by other
authors to particles of any size provided that the refractive index is nearly unity.
As Scott [B] has pointed out, a more complete theory was developed earlier by
Mie which covers the deficlencies in Rayleigh Theory.

The scattering of visible and infrared radiation by a pigment is & function of the
refractive indices of the pigment and the resin in which it is dispersed. The
refractive index of commercial pigments varies between 1.4 and 2.5. The
scattering power m of & pigment for white light ks calculated by dividing the
refractive index of the pigment by that of the resin. Hiding pigments have values
of mt well above 1; they hide the substrate and modify the reflectance curve of the
coating. Red iron oodde and titardum dloxide, which are among the most
effective hiding pigments, have m values of 1.9. Extender pigments, i.e.
achromatic pigments of low refractive index, such as barytes, falc, and silica have
values of m below 1.1; they scatter light poorly, do not alter the shape of the
reflectance curve but do modify the reflectivity.
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infrared spectzal absorptions from symmetric molecules, e.g. nitrogen and
oxygen. Water vapour and carbon dioxide, an the other hand, are responsible for
mest of the absorption of radiant energy by the earth's atmosphere.

Table 1: Constants used to caleulate the scatiering power of pigments

Pigment Refractive index Scattering Poweert (m) K
CHntomaceous allica 143 037

Amocphous silica 1.55 105 5.86
Magreaium silicate 1.58 107 420
Barium sulfate 164 i1 1
Chramdum cxlde 180 1.28 110
Zircondum dioxide .20 149 &7
Yellow from oxide 2.30 1.8% 042
Red ron cxchde 280 185 42
Tetanium digaide 181 120 042

4 Inan alkyd resin having a refractive index of 148

3. Raw Materials

3.1 Measurement of Near Infrared Properties of Pigments

Figments exert the principal influence on the optical and NIR properties of
coatings [14]. Pigments used in infrared coatings are chasen because of their
diffuse and specular reflectance, absorptance and transparence in the infrared
region. A knowledge of the behavior of pigments in the infrared region is a
critical factor in formulating coatings to specific requiremeants. The particular
pigments required will depend on the intended application.

Compilations of absorption spectra of prime pigments, i.e. pigments possessing
good hiding power, and of extender pigments are available for the thennal
[15, 16] and far [17] infrared regiona. They provide information about the
position and intensity of absorption bands. Most published measurements, which
have been made on pressed pure pigments in powder or tablet form, give no
information on the refractive index nor of pigment-volume concentration [PV,
Freparat’on of a pigment for measurement of its spectrum may reduce its particle
size; absorplion wouwld not be modified but scattering would be influenced as
discussed in paragraph 252 In additbon, dispersion of a pigment in an alkali
rretal halide matrix, 8 commeon sample handling techindque for cbtaining infrared
abporption spectra, creates refractive index differences which are not found in
paint films. Thus they are of little wse in the design or prediction of NIR reflaction
of paint films.

The concepts of scattering and opacity are useful throughout the infrared
spectrum as well a8 the visible spactrum. The combination of diffuse reflection




Table 2:  Diffiese reflectance values (in percent) of paint films applied over white (Ry)

amel black (Ry) backgrounis.a®
Wavelengt (nm)
Pigment d00 500 600 YOO 800 900 1000 1100 1200 1300
Barytei R, 5 & =& W W & #& 4 B8 M§
Ry 5 5 -] 5 L] [:] 5 5 1 0
Curbazche Diocatipe Viclat R, 3 3 3 7O 0 & TEOTEOA)
R, 3 3 313 7 7
Cheomeum Cride R"n' 11 5 8 LB 5 4 Al 42 a2 34
]h 11 5 a 18 50 v g 40 42 42 3
Metiagen Black R i 4 4 5 S5 B 8 a8 M 8d
By 4 i i 5 ] ¥ U W/ W I8
[ran Onide, Bed E“, F 2 i 28 =5 12 30 a5 42 a7
Py F 1 T id 28 Fid 12 35 43 a2 a7
[ron Cholde, Yeikow' R 3 T 3 B ¥ N 1 3 B 73
By, 3 ) a s ar i3 20 n iy 22
[ran Culds, L Brown Rh- & T 1] 18 F 13 11 T ] 1
R’b & T LA 18 il 13 11 7 4 1
lean Coce, B, Brown B 3 k! 4 1 4 4 0 a i1 L]
B 3 3 4 4 ] ] [i] [i] ] Q
Treet Chniche, Black R. 5 5 &5 % @01 & ©& w o A
By, 5 5 5 5 I} ] il ] 0 L]
Paliages Black B. 3 3 3 M & & 6 ke
B, K} 3 3 18 ki ] -+ 4 4 4
Silica Amaorpbai, 25 g R, 63 §1 36 90 d#% B &7 s 55 @3
- P E Tt el T [ T S
Sikci Amoephieus, 12 um L. 51 | 78 &2 Sa 9 -+ -ry &3 [ =]
Rh 5 - -] 5 - i 4 3 F 1
Silica Amorpious, 1 Em R, & 51 ® 50 % & w0 & 4§ s
& % 5. .5 5 5 1 3 F o 0
Sifica, CHetomaoeous g, 5 @ ® W 9 M4 u o S Gh
m ORI e S ee R Ea Al
Tk Ra s =3 icx ] b Lird 92z Qi 0 &7 ar
Bp & L DU [ B ] 5] i it ] it
Titarriusn Diverde., 1.2 pm B, M + W W W ¥ m ad 5 de
B, 3 94 92 88 &4 T O 44 54 1
Tatanium Dioxide, 10 pm B I & 71 75 8 H ¥ % B B
Rl:- 11} 42 4L el i =5 - 25 2 ki |
Whibe Background B, 72 B84 BB 90 S5I % 89 @9 A6 &6
Dack Background - a a o [+ i 1 - 5 5 3
i ace rulutive 10 & predsed whise polylistrafluarssthylene) powdes which waes assgned a

vakoe of T
] :_'hm ir fElter ang Jdetecios a2 800 mmm Prmd.' discontifadud bistdine al Chak point,

17

e




Table 3: Mear infrared (730 to 830 nm) reflectance data for pigments

Pigment R, Ry TRy
Baryies o 1 1
Carbazole dicuezine vioket 6 3 1
Chromium axde 45 H 9
Heliogen black 52 3 13
Faliagen binck 3 b 12
Iron oxbde, red 33 13 100
Iran oxbde, yellow 56 56 100
e oxide, 1§ brown 16 16 1080
Iron oxbde, dic brown o o 100
Iron quide, black 0 o i}
Sitica, amorphous, ZHm 25 1 i
Sitlca, amaorphous, 22 pin 96 2 2
Silica, amarphous, 16 gm 35 3 2
Sillca, diaicenaceous a9 < 2
Talc 5 ] 1
Titardum Digxide, 0.2 pm 100 4 53
Titanium Dioxide, 10 pe 1 e 44
White card o

Black card 1

CR. = M {10}

Rt

By means of these measurements, each pigment was classified according 1o s
reflectance and contrast ratio into one of six cattgories a5 shown in Table 4. Each
pigment was found to be either highly reflective, highly absorbent, ransparent, ar
intermediate in behavior between any two of these categories. When Ry, greatly
exceeds Ry, the pigment is transparent and has little or no hiding pewer, but
similar values of By, and Ry denote high contrast ratios. Values of Ry, and Ry
which are similar and high indicate that hiding is principally achieved by diffuse
reflectance, whereas values which are similar and low indicate that hiding is
caused by absorption; in both of these cases the contzast ratio is high, usually
abowe 0,590,

3.2 Selecting Pigmenis for Applications in the Near Infrared

A wide variety of useful NIR properties are obtaned when pigments are
dispersed in films. Titanium dioxide pigments reflect IR radiation very well, as
indicated by their high valie of . Different particle sizes have opizmum
reflectances in different parts of the spectrum, as shown in Equations 7 and &.
Conventional titanium diexide with a mean particle size of 200 non reflects well
betwesn 400 and 1700 nim, and is used where reflectance in the visible region is

most i portant.
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Conventional extender pigments swch 25 barytes, amorphous and
distomaceous silica, and talc are ransparent and nonreflective throughout the
visible and NIR regions. These pigments ane valuable when2 trangparency in the
MIR is noeded, and they do not interfere with the performance of other pigments.

Carbon black absarbs strongly throughout the NIR and TIR regions [19]. When
wsed in small amounts it is effective in decreasing the level of infrared reflectance
without greatly affecting visible colour. However, should the required
rofiectance of the paint in the MR or TIE be kow, the anwount of carbon black
necessary bo bring the reflectance down to this level will have a substantial effect
i1 the wisual appearance of the paint.

In addition to spectral factors, conventional coating considerations also play a
part in the selection of pigments. These include can-stability, resistance to
formation of a friable powder on the surface on exposure (chalking), resistance of
flat coatings to polishing to a higher gloss (burnishing), and durability. In
modern high solids coatings, pigments having the lowest possible product of oil
absorption and specific gravity are valued, as they requine less resin and are
relatively free of settling problems.

3.3 Selecting Pigments for Applications in the Thermal
Infrared

The technigue of using large pigment particles bo promote scattering is nestricted
in the TIR region, For example, in order to scatber radiation at 12 pm, Stanium
dioxide particles 5 pm in diarmeter are required, and particles of this size, Lo
Ilegman 7.5, (the Hegman scale is a measure of the fineness of dispersion of a
pigment, larger numbers indicating larger particles) are Lirge enough to affect the
sloss of a coating. If radiation at 12 um is to be effectively scattered by a pigment
with a ko value of m, such as tale, 3 50 pmepartiche would be requinad. A particle
St pm in diameter, Le. Hegman 4, is thee largest that could be nelerated; it woukd
make a coating visibly coarse and would affec, colour uniformity, dirt retention,
and other important performance properties [25].

In addition, most inorganic pigments have strong, broad absorption bands in
the TIR region. For example, carbonates absorb near 7 pm, silicates around ¥ pm,
and oxides between § pm and 30 pm. Organic pigments such as the peryiens
blacks, phthalocyanine biues and greens, and carbarole dioxazine violet show
strong, sharp absorption bands throughout the TIR region, but principally
between 6 and 11 pen. Thus, properties of coatings will be influenced by the
pigments used and will be strongly wavelength dependent, and grey body
approximations are likelv to lead to considerable error.

For this reason, metallic pigments, particularly metal flake pigments, are
preferred in the TIR region. They absorb TIR energy poorly, but scatter and reflect
efficiently throughout this region. Hagen-Rubens [26] first attributed the high
infrared reflectance of metals as being due to thelr high density of conduction
electrons. Coatings filled with metallic pigments, particularly leafing plgments,
do not demonstrate appreciable wavelength dependence, and so grey-body
approximations can be used.




4.2 Control of Colour

The colour of a coating {i.e., its visible reflectance spectrum) is normally
established for cosmetic or comoufiage requirements, and the opportunity fo alter
the armount of visible ight reflected or its wavelength distribution is severely
restricted. Two avenwes of approach to colour matching are available. First, a
pigment which is transparent in the visible region but highly reflective in the
infrared can raise the infrared reflectance withaut affecting the visible eolour, and
a nonmetaneric match to the desired colour can be made. Anexample of an
approgriate pigment for this is the large particle size titandum dioxide digcussied
in paragraph 3.2.

Alternatively, pigments ermployed for vizual eolour mateh which absorb
strongly in the infrared can be remeved and replaced with pigments which show
similar absorptions in the visible but reflect or are transparent in the infrared,
This is seldom a simple matter, and additional pigments will have to be added to
duplicate the desired colour. As an example, carbon black can be replaced by an
nrganic perylene black such as Paliogen Black [30] or Heliogen Black [31]. When
used as Hnts, the foreser has a groen shade and the latter has a viclet shade. A
colorant such as red or yellow iron oxide, respectively, must be addesd to re-
cste blish a true black or grey shade. The colour thus produced will be metameric
to the original colour, and the old and new colours may oot mateh under all tvpes
of illumination or obgervation.

Where reflectance is itnpartant. the armownt of h:iniing pi}_:nh‘-ntﬁ witich alwork
should be just suffickent to meet the requirements for hiding. The balance of the
pigmentation should be made up of extender pigments with optimized infraned
reflectance.

4.3 Control of Emissivity in the Thermal Infrared

The emissivity of a coating contributes directly to its signature in the TIR region,
and ermissivity as well as reflectance must be controlled in order to achicve the
performance desired. Organic resins are strong emittess i1 the theemal infrased
region, particularly at the wavelengths which are found in their absorption
spectra. Oxide, carbonate, and silicate pigments show selective emission; for
example, Hitanium dioxide ernits near 8 pm.

Finely dispersed metallic pigments such as aluminum flake have low emissivity
and are ysed to degrepse the emissivity of organic coatings. Bright aluminum fodl
has a reflectance of about 95 percent for black body radiation from a sowrce at
50°C; the maximum energy from such a source is emitted at 9 um. Aluminum
paints show reflectivity as high as 82 percent and emissivity as low as 13 percent
[32).

Clean or polisted metallic substrates radiate heat poorly, but their emissivity
can be enhanced by a wide range of black or dark oxide, phosphate, chromate
and other coatings applied by chemical or electrochemical processes [33], When
cooling of a coated object is important, high emissivity coatings are used. On the
other hand, coatings with low emissivity are used to retain heat within. for
example, steam pipes of bollers.




Solar reflective coatings have been formulated in either of two ways. In the first
case, it is passible to produce solar reflsctive coating systems comprising a highly
reflective undercoat and a topeoat which can be coloured with pigments
transparent to NIE radiation. The topooat provides the desired visual colour but
does not absorh MIR radiation. The topeoat musk be as thin as possible for it wall
always possess some absorption. Alsa, For uniform visual appearance the film
thickness has to be consistent; this is not always easy when the coating = applied
outside a factory. Maintenance is a problem because toproat and undercoat must
be applied at proper thicknesses and intercoat intervals to retain properties, and
the cost of & bwo coal system exceeds that of a single coat.

In 5o far as visible colour pesmits, pigments which strongly absorb in the
infrared should be avoided in the topcoat of a two coat system. As the near
infrared absorptance of the topeoat increases, reflectance from the undercoat i
dimnirdahed because losa energy reaches the undercoat. It is essential to pay
particular attention te pigment volume concentration in the topeoat under these
conditions.

A preferred solution is 1o use pigments which are reflective in the NIR to
produce a single coating. Blending reflective and transparent pigments gives
rmuch fexibility in tailoring infrased properies, and the difficulties of 2 two-coat
sysiem are avoided.

5.3 Thermal Infrared Reflecting (low emissivity) Coatings

Thesa coatings are designed to reduce thermal emission and to reflect incident
TIR radiatwon. Metallic pigments, particularly aluminium flakes, nefiect strongly
across the TIR region and are the principal active ingredient in these coatings.
The best aluminium paints for this purpose are those made with extra brilliant
grades of aluminium flake which have larger particle sizes. Pigments which
overlap in a systematic manner, known s leafing pigments, have beery showmn o
produce greater reflectance than nonleafing pigments [32], and this has been
ascribed to the complete hiding of the resin by the leafing metal flakes in the
matrix, Aluminium paints reflect thermal infrared with greater efficiency than
they reflect white light. Black coatings are commercially available [34] which offer
low 3plar reflectance and high thermal reflectance (0.9), i.c. thermal emissivities of
i1, It is understood that these matesials have been trialled on MATC tanks,
however the high solar collection efficiency of this material would require that its
wse in tropical and subtropical environments be closaly snginserad

Table 5 shows the temperature transfer properties of a steel panel coated on the
{lluminated side with the standard Australian Mavy grey paint compared to ome
painted on the iluminated side with a leafing aluminium paint,

5.4 Camouflage Coatings

Camouflage coatings adjust the normal reflectance of an object so that it
resernbles its immediate environment, thus muking it neacly indistinguishable
from its surroundings under natural as well ag artificial illumination. Camouflage
coatings must reflect both visible light and infrared radiation to the same degree
s their surroundings. For terrestrial applications, the most important
environments where concealment is desired are foliage and desert regions.




Most specifications for camouflage coatings require a sharp rise in reflectange
between 700 and 720 nm, and require that the average reflectance in the 700 o
900 nm region excesds the average reflectance in the 600 to 690 nm region. Such
coatings approximate the reflectance spectrum of chlorophyll and appear in the
MIR to have the same reflectance as natural vegetation.

Many green pigments resemble the colour of chlorophyll but, unlike
chlorophyll, show strong absorption in the NIE. Chromium trioxide is green n
colour and possesses a reflectance curve similar to that of chlorophyll, and was
the principal pigment in earfy MIE camouflage paints. For some specifications
which do not call for reflectance to rise rapidly in the NIE, chromium teiosxide
tinted to the desired visual shade can still be used as the basic pigment. When
infrared photography or modern detection methods are used, however, these
pigments are readily detected as dark shadows against a light background of
natural vegetation,

Dlder formulations based on lead chromate (chrome yellow], basic bead
chromate {chrome orange} and molvbdated lead chromate (moly orange), and
tinted with blue and red pigments, produce camouflage coatings inoa variely of
Ereen shindes |3?'[. but st e has been curtailed in the United States bocause of
their extremady high leaad comteni.

-1 range of visyal colours is used for modern c.:mu:,:l!!n.l,_'ri." cuatings,  Each colour
is specified by its brightness Y and its chromaticity coordinates © and v, Theae
parameters are defined by the Intermational Commission on Humination, known
as CIE from its name in French, Commission Internationale d' Eclaivage. The
desired colour is plotted as a point on a chromaticity diagram, and colour
tolerance is stipulated by a boundary on which lie all points which differ from the
target colour by the same visual differenge. The boundary normally takes the
form of an ellipse, as shown in Figure 3 for US forest green camauflage paint [38]
Im this coase the visual differenes 15 stipulated by the shsolescont M5 [ror (LIS
Mational Bureau of Standards] unit, which i compuled using complex equations
Frown the ¥, x and ¥ valwes of the standard and sample codours [39].

Infrared reflectance is specified in variows ways. Briligh Maberial Specifcation
DTD 5618 |40] stipulates minimum values of reflectance at 700, B0, 900, 1004,
1500 and 2000 nm for each of eleven colours, In the United States, the infrared
reflectance is specified by a narrow range of permissible values as shown in
Figure 4. Chromium oxide alone cannot meet this requirement. Cobalt chromite
spineis containing small amounts of zinc and fitanium are the most effective
pigments fior this purpoese and are tinted to the desined spoecteal properties with
iron and chromium oxides and organic vellows, browng and violgis. The opical
brightness (v}, the average reflectivity im the 500 to 800 nm banad, and the
reflectivity ratio of the band at 700 to %00 nm bo the band at 600 1o 590 nm ane also
specified for forest groen camouflage paint {39

A solar heat reflecting lusterless olive drab enamel] conforming to Ausitralian
Specification 7650/ ADE(M) 146-1 [41] has been produced in the present study
fram some of the pigments in Table 4. This coating has a reflactivity of 427 at
BOO nm and & gloss of 1. The formulation of this coating s given in Table 6.




Table 6 Solar heat reflecting olive drab camouflage enmingl

ingredient | Absorption Specfic Gravity  Kilogrms  Litees
Chromiwm Oxede? X2 22 20 1255
RBed Iron Oxide? 18 4. 5M an 0.7
Yellow lron Cuides 36 403 1055 245
Titarium Dioxide, 10 pmd 17 ia) 51.86 1352
Magresium il frater 45 175 3714 13.51
Silicane Alkyd Resin, 70%¢ ; .94 E5.37 531
Cobalt Octoate, §%8 060 Ak r
Cabcium Ochante, 20750 I4e k5
Firconium Octoate, 20 .50 045
ethoyd Ethyl Ketoximel 40Kk 150
Witz Spirit ¥ o 2093 25325
TOTAL p 28131 150,55

Chrome cxide GESM, Commercial Minerals Led.

. Red iron oodde BO-4087, Comamerclal binerals Lid.
elbosw inan axide YO-2087. Commeercial Minerals Lod.
Taana WViT, SCM Chemicals Lid
Talc TSF. Commueccial Minesais Lbd,

Kemsdl 2425, 70, Kemniz Chemicals Divesion, 101 Aost. Lrd.
Hardadri cobalt, Cobours & Chemicals Pry Lid.

Hardadri caleium, Colours & Chemicals Pty Led.
Hardadri zieconium, Coloars & Chemicals Pre Led.
Exkin number 2. A.C. Hazesck Chemacals Fry Led.
White spirit. 3hell Chemicals {Aostralia) Fre Lid.
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5.4.2 Coatings for Desert Regions

Far these regions, natural sand and zarth colowrs in a ramge aF grev, orange, rod,
yeliow and earth colours must be reproduced. Fur desert colours and wood land
browns and black, iron oxides ranging from red to yeliow o black are used.
Carbon black absorbs strongly throughout the infrared and 15 usuaily proscribed
in camouflage coatings, although trace leviels (0.01%) can sometimes be uwed to
Bring the infrared reflectance down into specified leveis, In recent times,
formutations have been prepared fo increase MIE reflectances b maich highaer
reflectances in specific desert regions.

5.4.3 Contings for Qcenie Environments

Paints now wsed on the hulls and supersiructuras of warships offen exhibit
relatively high solar absorption because of the grey colours required for visual
camouflage. These colours may vary from bluish to greenish grey depending un
the waters in which the vessel i Likely to operate, and have reflectances near 3%,
High solar absorption necessarily results in high surface tempiratures which
redyce the comfort of the crow, increase cooling requiremients and. more
significantly, aniplify the emission of thermal radiation. Ciler naethods ol cowling
hiot pxposed surfaces, such as using weter spray, reduce thermal emissions bt
add power requirements and topweight to the ship.




Table 7: Swlar ket reffecting Lipht Grey camouflage enamel

Inpredient il Specific  gilograms  Lilres
Absorption Caravity

Titanium dicxide, 200 nm 17 400 9,20 230
Titamium divmide, 10 pm? 17 350 54,15 1165
h'llguﬂium silbcates 45 2.5 1034 1.74
¥ollgw lpon oxided 36 403 .31 007
Palsgen black? 57 143 .76 1.24
Silicone alleyd resin, 70%! 0.9 11253 11366
Cobalt ootoabe, 6% 073 083
Calclum octoate, 20%b 295 izl
Zircomium ocioabe, 200K 0u60 053
Methl uthyl ketoximel : 335 333
Wihite spiritk 074 1306 15.78

TOTAL 25708 15634

4 TP B9, dglPong Australia Lide

b Tiona Wi 50 Chemicals Lid,

¢ Take TSF. Cumemercial Minerals Lici.

Yellow kron oxide YO-2087, Commercial Minceals Lid.
Malivmen black LOG84, BASF Australta Led.

Kemsil 2425/70, Kemnez Chemicals Divisson, ICE Austradia Lid.
Hardadri cobalt, Colours & Chemicals Pry Lid.
Hardadri calcium, Colowrs & Chemicals Fry Lid
Hardadri zirconium, Colours & Chefnicais My Lad.

¢ Exkin nurmber 20 A2 Hatrick Chemicals P Lid,

b wWhilie 5Piri|;, Shell Chemicals {Australia) Fry Lid.

= rm =1 k"

5.4.4 Coatings for gircraft

Strict countershading principles are used by the LS. Navy on maritime
reconnaissance aireraft which involve the darkest colour on top, intermediate on
the sides and ':zhtest shade underneath, This system i used as detection from
above will invelve the aireraft against a sea background which has a rerflectance
factor to sunlight of less than 3% [49]. Viewed against @ clear sky, the relative
effect of paint schemes is related to the direction of view o the sun. Whils aincratt
appear lighter than the sky when viewed down sun g0 light grey colours are
employed. The thermal load from msolation into the P3-C aircraft painted with
the 115 Mavy grey paint {which is a low infrared reflecting paint) has been
determined tu be 1.7 kW more than that for the same aircraft with white bop half
fuselage and all other surfaces grey which is the RAAF 1990 colour scheme [50]
The air temperature for this comparison was 33°C. The infrared reflectances of
the high NIR reflecting paints were comparcd to those of standard paints of the
same visuai colours and are shown in Table 9. In theory, these grey colours
should reduce the heat load by 50% compared to painting in standard grey
colours,




6. Summary

Relevant physical laws governing the response of coatings to solar and infrared
radiation have been reviewed, The reflection of infrared radiation by a paint is
controlled primarily by the refractive index and particle size of the pigments in
the coating, Pigments have been evaluated for reflectance, teansparence and
hiding power in the near infrared region, and guidelines for pigment slection far
various applications given in terms of their optical properties in the near infrazed
region. Raw materials selection, manufacture and evaluation of coatings have
been discussed with respect to tailoring infrared reflectance. By employing the
principles developed herein and wsing pigments with appropriate properiies,
organic coatings have been developed which are consistent with the visible colous
requirements of the Australian and US Navies. Significant increnses in the
reflection of infraved radiation have been demonstrated by the new formulations.
The need for a very clear understanding of the threat systems and the operational
conditions of service platfarms has been emphasised. It is only with this
understanding that optimum paint schemes can be devised. However, itcan be
stated that the use of the solar infraved reflecting pamis desenbod herein would
reduce conspicuity of isolated platforms to surveillance and secker systems
operating in the mid and far infrared without detriment to visual camnuflage
characteristics.
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