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2, Physical Principles

2.1 Spectral Bands of Interest

The radiation bands of interest are the NIR megion hetwesn 720 and 2500 na, the
TIR region betwesn 2500 and 15 0 nIn {25 and 15 mml. and the far infrared
reglon bebween 15 and 5 mm.

The "photographic infrared” is traditionally regarded as the range fom A b
950 nm, although medern < frared film i5 sensitive at much longes wa velengths
than this range. Electronic ceanning armys ane usually preferred aver
photographic detectors. They are used in aerial reconnaissance and cover the
range from 700 to 1350 nm. Cenerally, the conditions under which NI radiation
emmisséons pose a significant threat are (i} lowlight or starlignt situations where
detection is usually by ceftected radiation rather than bY thermal emission. o (i}
by reflection of NIR lases lurimation.

Two windows in the thermal infrared region, 5 i 5 prm and & b 4 mm an sl
primary impaeriance in missile and surveallance ap plications becausye those reglons
ave relatively free of ammospherie absorption and enwrgy can be gransmittedd puoet
moderate distances, Sonsors OPETINNE in these Byo barnds ane the basis uf som
of the principal types of seekers in smart anti- ArmOoUT munitiors [1]

Come of the newer plereal dubection systenls also incorpurate NIR pangeting
slements. A number of the aicra ft-mounted detection systems couple forward
looking thermal infrared (FLIR) sersors sailored for tazget detection and Jockeon
wwith a laser target designator and rangefinder operating in the NIR at L.0G wm.

2.2 Blackbody Radiation

1n additbon ta reflecting incident energy, coatings alse radiate crergy. The
spectral exitance My (W.mZ) ofa plackbody at wavelength b and in 2 spectral
range AL is a function of temnperature and is given by planck’s Radiation Formula

{Equation 1} [2

Irhe? 1

M, = . (1}
w2 [~ rar-1

{im which ftis Planck’s constant {6426 = 104 ] s} ¢ the velocity of fight (2,548 =
108 m 5 k the Baltzmann constant {138 = 102 ] ¥y, and T the alprsolufe
temperature).

The rate of energy emitted per unit area obiained from Equation 1 has been
plotted for three temparatures in Figure 1. This figure shows that, with increasing
temperature, the rate wemitted increases markedly and shie wavelength of
v ARETTILLT STTiasion shifts from the TIE regioh toward the MIE region. Thus, it can
be geen that an increass in the energy content of a body, such as that cawsed by
the absorption of NTR radiation, results in increased emission and detectabality in
the & to 14 mm TIR region.
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2.3 Solar Radiation

A specific example of 2 blackbody radialor 15 g sun. The spectral energy
distribution of solar cadiation at sea kevel with 2 glant path corresponding 10 an
air mass of 15131 s shown in Figure 2. For eonvenienoe, this enerey is usually
divided into three bands. The ultraviolet hard between 200 ard 400 mm coniRins
5 percent of the total energy in sunlight, the visible band between 400 and 720 men
has 45 percent and the MR band betwen 770 and 2500 nem containd 51 percent of
the energy- Sunlight atsed lewel has & total intensity of approsimakely 1 k¥ m
(31 Sofar absorptance, in the MIE ia defiped as the ratio of IR cadiation
ahsorbed by a hody to that incident upoa it.
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2.4 Control of Infrared Properties by Coating Formulation

Incidtent radiation is reflected or both pefloctind and refracted At a coating suriace.
Both petlection and refraction are depr.ndenl o Phe refractive indives of the bwoo
media, the reflection being determaned by Fresnel's Law apud pofraction by Sl
Law. In: paint terminulogy. 2 description of the ipror-like peflectisn or spuealar
reflection at the surface of the coating is termed gloss, as distingt from ther
reflactance of the coating which is also dependent on pignenis and fillers in the
costing. Sptfl.ll.ar reflection is stromgly increased by leafing pigments such a5
metal flakes. Gloss is principally dependent on the angle of incidence and the
smoothness of the surface, being high for smaooth aurfaces and low for irregular
surfaces.

Infrared radiation entering a paint coating is cofractod at the interface before
incountering the pigment and filler particles. The radation i partially retiected
and partally refracted pt the surfeces of thase particles and in normial pig,merﬂ#-rl
painke g pmﬂ mu]t.ip|e reflaction and refraction thoreughly diffuses the
beam. A proportion of this radianon propagais back 1o the cxating surfare where

i
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2.5 Properties of Coatings Determining Infrared Performance

25.1 Reflection of Radiation

The specular and diffuse reflectance of infrared radiation from.a coating results
from reflecting and geattering ProCeRsts cocurring at the surface and within the
coating. The ceflectivity is defined as the ratio of the reflected to the tncident
energy. At flat surfaces, specular reflection will pegus in accardance with Fresnel's
Law from which the reflection costficiont (p} may be derived [4h

+F -
I,.u—l_l T
L ———— I3

(n+1) syt

fin which n is the patio between the cafractive indices of the hwo muedia and 1 i3
the extinetion coeffickent).

From Equation 3, we S68 ghat when my 15 large igood absorbers) compared to
i + 1, the reflecting pewer s nearly unity, 1.e, SUONE coflection is associated with
strong absorption. This result is in agreement with experitnental pbservation i3]
Highly conductive matesials, 2.2, setals, do not allow e Lremayg et
propagation at pptical of infrared frequencivs. The electromagiwtic Frolds are
attenuated 50 rapidly that. at thicknesses waoeeding thwe skin dupth, the peflisc ki
cuetficients are close 2 unity. Flowever. mtalks in the form of Ve small particles
will allow the passige of decaving electpormagnetic feids, and because af ther
high absorption, {he emigsivity of painis containing such particies may approach
unity. The small particies will also provide diffuse multiple scattering.
particularly wher the partiche sizes approach light wavelengths. This is the pasis
of the action of the matallic blacks.

From Kirchhoff's Law (Equation 4), itcan be seen that coatings which are wood

roffectors have low emisslvities [6]

£ =[I—pl][la¢-"l':':*fJ?;] 4}

{where g i thie emnbssivit p, the fractisa i thwe radiation rofbected, dm, thee
absorpLion cocthcient and ¢ the depthl. The first barm I0 Kipchhdt's Eguatun?.

| - p,, which is tha proporbon of radiant Tlux penetrating the by, bocuoimes
quite small tor gowd reflectors. The second term. 1 = ey, £k is the proportion ol
flux penstrating the body and absorbed by it In the infrared specteal region, even
5 small thickness of matter will usually absorb the entire refracted fux, su that
equation 4 reduces 0

e =1-m (3}

For materials of high conductivity, the reflectance {and emittance] can o
reduced to equations dependent enly on conductvity [71. wiz

ﬂ-l-'.l |4l--£n.€ I8

Y od

{whene o is the conductivity and ¢ the velocity of lighth
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S ubstantial changes in scattering power cannat be achieved by the croice of
resin because conventional paint resing do nat show a large variation in refractive
index. Common organic resing have refractive indices between 1,45 and 1.50 and
canventional alkyd and epoxy resins have refractive indices near 1.48.
Fluarapolymers possedd comparatively low refractive indices [9] in the range of
1.34 to 1.42 and fluoropolymer coatings made with titanium dicaide [10] scatter
light very effectively because of the large value of m.

Eora Fixed value of the scattering power m, the wavelength most efficiently
scattered by a particle of diameter @ 33 given by Equation 7 [11],

kit N
K
inwhich
. 0.90(m* +2)

g P ) m

In Equation B, « is the refeactive index of the resin in the paint. Table 1 cuntains
values of n, m and ¥ for comman paint pigments dispersed inan alkwd resin
having a refractive index of 1.48. In a later study using the Mie scattering theory
it was shown that, to a good approximation, the same relationship may be
extended to different wavelengths with correspundingly different optimum
particle sizes [12].

Cammercial Htanium dioxide pigments are manufactured with a particle size of
20} 2, the optimum value for scattering vigibbe radiation with a peak intensity
of 500 nm [13]. As can be seen in Equations 7 and 8, larges partiche sizes will be
required to scatter the longer wavelengths of infrared radiation. For titanium
dioxide and red iron oxide, 1 mm particles would effectively scatter near infrared
radiation at 2.3 mm, but for other pigments, larger particie sizes would be needed
s scatter light at the same wavelength. To scattes thermal infrared radiation,
particles several micrometers in diameter would be required.

2.5.3 Absorphion of Radiation

The coefficient of absorption of radiation will, in general, vary with wavelength.
When radiation passes through  gas, certain wavelengths are preferentially
ahsorbed. These are the same as those observed in the emission spectrum of the
gas. In homogeneous condensed materials, molecular interactions broaden the
electronic states.

Infrared radiation incident UpOn 2 PRIt May Casse polarization of the electrical
and magnetic (polar) companents within the compounds which comprise the
paint. Alignement of permanens dipoles is ineficctive at high frequencies {infrared

cies) because the movement of dipoles is wo slow to follow field variation
[4]. The external electric field component reacts with the electric field of the atom
or moleculs displacing the electrons relative to the nucleus. Spectra observed in
the infrared are mostly due to transitons between the energy levels of malecules
cather than amms, Strang absorption of infrared radiation oocurs anly for
srarwitions betwesn states with different dipole moments. Thus there ane oo

1%




and selective absorption of light by pigments determines the hiding poswer of the
paint, that is, its ability 10 screen the substrate from incident light energy-
hMeasurement of scatiering of infrared radiation at 2.3 pm is 2 useiul maethod to
evaluate pigment dispersion [18].

Hiding power and reflactance are characteristics of a paint film rather than of a
pigment. The behaviour of # pure pigment will change when it is incorporated
into a paint. For example, non-absorbing pigment particles which reflect as
pressed powders allow considerable transmission of infrared radiation when
incorporated into paint Hlms at conventional pigment volume concentrations
[19].

A representative group af plgments was solected for the present study of their
infrared properties. In view of the large differences in oil resin} absorpiion by
pigrments in paint films, each pigment was dispersed in a standard resin at the
same parcentage of its critical pigment volume concentration (CPVC) [20] rather
than at a fixed concentration. (The CPVC is the level of pigmentatian, ie PVC,
where just sufficient binder is present to fill the voids between the pigment
particles. Sharp changes in film properties occur at this point.} An approximate
value for the CPVC, which makes allowance for oil absarption, was cakoulabed by
Equation @ [21]

. |
CPWC = WM—F ()
I e

in which 5G,and 5G, represent the specific gravity of the pigment and resin,
respectively, and O, is the vil absorption of the pigment in grams of vil per 100
grams of pigment. n arder to produce the serni-gloss finish of most camouflage
coatings, the pigments were dispersed in a resin fo produce a paint Ravimg
PVC/CPVC = 0.5, a value charcteristic of semigloss paings [Z2] but this value
may be adjusted depending on the intended application. Tutal paine sulids, s
pigment plus binder, were adjusted to 50 percent by volume, and drawdowns
with a 125 pm blade produced dry films 75 to 88 pm thick.

A spectrophotometer operating in the visible and infrared region: and equipped
with an integrating sphere was used fo measare the diffuse reflectance spucira of
the dry films ever the wavelength range 400-2300 nm.  Measurements of diffuse
infraned reflectance are made over highly reflecting white (R.} and highls
absorbing black (Ry) surfaces. Data obtained with a Cary Model 2300 recording
spectrophotometer for some representative pigments are given in Table 2.

The infrared properties of pigments can alea be estimated simply and rapidly
by measuTing thetr infrared reflectance in a narrow MNIE band. This technique 15
useful and convenient, but gives much less infoemation than measurement of tha
diffuse reflectance spectrum. An EEL Reflectometer {Evans Electroselenium Lid.,
Essex, LK. modified with cademiam sulfide detectors and Wratben BBA filkers
wag uged for measurements |23). The sensitivity of this instrument starts from
zeTo at 730 nm, rises fairly sharply to a peak response at about 770 nmw, and then
decrausss steadily to zero at about 890 nm. [24] . Data from this technique arz
given in Table 3, and compare favorably with the spectrophobometric data in
Table 2. Using films 75 to 88 pm thick, the contrast ratho (CRyg) at 800 nm in the
infrared was calculated for each pigment using Equation 10 and 5 also gen in
Tabhe 3.
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Table & [nfravet properties of pigrments
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Titanium diovide with 2 mean partichs size of 10 pm reflucts efficiently betveen
8500 and 2300 nm but rather poorly in the visible spectrum hetween i and
B0 . This pagment behaves asan extender in the visible with ligh seflectanoe
iy the infraved. I8 hag litthe or ne effiect on thae visual cobour of the coatimg amd can
be substituted for other extenders te produce nof-metamesic [Le., ratehitng
which is independent of apectral irradiance) colours with erhanced infrared
reflectance.

Chromitusm trioxide and the iron oxides are moderate 1o strong absorbers of
MIR radiation, They are valuable hiding pigments, but only enough should be
used in infrared reflective coatings to achieve the desired visual hiding: ERCEISINT
absorption will result if larger amounts are T

Pigments which absorb in the visible region (required for visual coleration) bus
are iransparent in the NIE can be considered to be extenders so far as NIR
cadintion is concerned: that 15, they can be used to madify the visual appearance
of the paint without affecting its infrared propertics. Organic pigments such as
the perylene blacks, phthalocyanine blues and greens, and carbazole diexazine
violet are useful for this purpuose.




3.4 Spectral Properties of Resins

There are two principal requirements for resins in tailored infraved coatings.
First, the resin must protect the pigments and preserve their infrared properties
throughout the service life of the costing. In addition. the resin must be
sufficiently transparent in the spectral region of interest.

Most organic resins are free from strong absorptions In the MNIR region and can
be used for many appiications in this part of the spectrum.

However, in contrast to the characteristics of paints in the visible and NIR
regions, paint behaviour in the TIR region iz strongly influenced by the resin, and
the performance of the coating 1 determined by the noture of bath the pigment
and the resin. Crganic resins show strong absorption bands due to molecular
vibrations of their functional groups; bands near 3.3 (C-H stretch), 5.7 (C=O
streteh), 7.0 (C-H bending) and 8.0 mm (C-0 stretch) are usually prominent. A
collectian [15] of infrared absorption spectra of organic resins is a useful aid in
salpcting & resin

Strong absorption in the TIR can be avaided by choosing resing which do ot
contain common functional groups. Foly{vinylidene fluoride) resins ane almaost
transparent to and unaffected by solar radiation. and have only weak absorption
in the TIR region [27]. They have excellens weather stability and show great
promise for tailored infrared coatings. Dimethyl sticone resing have emattance
values lower than those of fully organic resins and have been used for low-
emittance coatings [28]. Inorgaric silicate oligomers fosm polymers which
contain only silicon-oxygen bonds [29], these resins show low emittance except
for a band near 9 pm.

Absorption by resins can also be diminished by the selection of pigments which.
because of their refractive indices and particle sizes, scatter light effectively in
bands where resins absorb. This technigue can be used to great advantage in the
TIR region. In addition, leafing metallic pigments which form a peactically
continuous film reduce the penetration of insident radiation and absorption by
the wnderiving resin. '

4. Formulation

4.1 Preparing for Formulation

Before beginning the formulation of any coating with specifivd infrared
properties, the illuminants and conditions of illumination, the spectral response of
the detector or viewer, the desired visual colour of the coating, and the spectral
distribution of the radiation to be reflected or absorbed must be defined. The
next sbep is to select 3 vehicle with good heat resistance and minimal absorption
in the infrared bands of interest. Pigments are then selected and, the refractive
index of the resin being known, the required particle size distribution is
calculated using Equations 7 and 8. Special attention must be given to bands
where the resin absorbs strongly and to the regions where reflection of infrared
radiation is especially desired.




5. Coatings with Tailored Infrared Reflectance

5.1 Low NIR or Low TIR Signature?

Drefence equipment used by Australian and overseas forces is painted in & range
of schemes which are designed to absorb and /or reflect in the infrared region. In
part, selection of the infrared characteristics is determined by the operational role
of the equipment, The Australian Army’s Disruptive Pattern Paint scheme used
for camouflage employs three paints which have relatively low NIR reflecting
values, each differing from the other to create a disruptive pattern in the NIR s
well as in the visible, This scheme is designed to protect againat systems
{considered to be major threats) which use the WIR waveband and eperate in low
light conditions.

The painting practices for military aircraft suggest that the detection threat has
not been clearly identified for the environmental conditions in wiich thay
aperate. Where solar radiation is low, asin 2 number of NATO countries, selar
heating and the consequent increase in TIR signature will be of little importance.
However, in subtropical and tropical countries. low NIR reflecting paints resull in
excessive heat loads and significantly higher TIR signatures, particularly in the B
to 14 pm region. As the threat to aircraft by MIE photographic detection 5
minimal and there are no anti-aircraft missiles using the NIR waveband, the
advantage provided by these paints would seem to be putweighed by their
disadvantages,

A number of military aircraft are painted in highly reflecting MIR paints and
athers in highly absorbing NIR paints. However, some local and oversaas military
alrcraft are painted with highly absorbing NIR primers but employ highly
reflecting WIR topeoats. a practice that is counterproductive. An understanding
is required that the term low infrared reflecting paint generally means a paint that
is highly absorbing in the NIR {with a consequently higher TIR signature on
exposure to sunlight). Likewise, the term high infrared reflecting paint refers to
highly reflecting NIR paint (with a consequently lower TIR signatiire on exposure
to sunlight].

5.2 Solar Heat (near infrared) Reflecting Coatings

Coatings farmulated to reflect a high proportion of solar radiation lower the
absorption of solar energy and the consequent temperature of the surface.

Absorprance in the ultraviclet region contributes litte to the total energy
absorbed by 2 coating, and it is usually not profitable to direct attention to this
portion of the spectrum. The visible reflectance of a coating is established; slight
adjustments as discussed in paragraph 4.2 may be made if metamersm can be
tolerated, but significant modification of absorption in the visible region 5
unlikely to be allowed owing to established convictions of visible camouflage
requirements. Thus, the most effective way to produce a solar hiat reflecting
coating is to maximize the reflectance of solar energy in the near infrared region
of the spectrum.




Table 5: Effect of paint composition an theraial emission

Temperahure Rise (*C) #
Time (ménutes) Sides 1 and 2 Side 1
aluminiwm pamt=
Sed Awmiralian Mavy grey paint® Side 2
Sad Awstralian Mavy grey paint
o 1140 na
10 630 460
] 4.0 580
30 95.0 £s0
40 106.0 _ 530
50 nae 23
0 1170 D
B0 1190 Ly
2.0 1210 KI5
10.0 1230 #1.5
15.0 1255 H1.4

4 Pamals at room temperature (20PC) at time = 0.
b Both sides painted with grey peint.
€ Irradisted side painted with aluminium paing, reverse side painted with grey paint.

Pattern painting with various cameuflage colours can also break up the
silhouette of an object and make it less conspicusus. For maximum effectiveness,
the various coatings used in the pattern must be significantly different in both
optical and infrared reflectance [35]. Coatings having low erissivity are uzed o
minimize temperature contrasts between vehicles exposed to solar radiativn and
their surroundings. They are most effective when the emissivity va rics betwesn
patches of paint and the infrared outline of the vehicle is masked.

5.4.1 Coatings for Forest and Jungle Arcas

Pigments used to produce green coatings for these arcas are selecled for their
ability to duplicate the reflectance properties of chlorophyll, the green pigment
responsible for the characteriatic colour and high infrared reflectance of
vegetation. The reflectance spectrum of chlorophyll shows a peak near 550 nm,
low valwes in the visible red region, & dip in the far visible red at B50-680 o, a
sharp rise between 680 and 710 nm. and uniformly high values above 730 nm
The goal for woodland camouflage coatings is to match this spectrum. Coatings
for camouflage must control reflectance in the NIR between 700 and 1200 nm; the
band between 700 and 900 nm is most important [36).
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Most of the eomman blue and black pigments absork infrared radiation
strongly, and aven small amounts are effective in reducing infrared reflectance.
Histerically, naval coatings have contained significant amounts of carbon black
[42, 43]. An early attempt [44] to formulate without carbon black produced solar
heat reflecting coatings and low emittance coatings contalning 15% of powdered
aluriniuem [45, 46]. These coatings had poor weatherability and calour retentiun
because antimony sulfide, a black pigment used in place of carbon black, is
urestable and reacts with air to form white antimony oxide on prolonged
expoaure,

Effuctive solar heat reflective coatings have now been made in the grey shades
estabilished for warships, Carbon black has been replaced by an organic perylene
black which absorbs strongly in the visible region but is transparent throughout
the infrared, The formulation for a full gloss Australian naval coating conforming
ta Light Crey 631 [47] developed In the present study is given in Table 7. This
coating reflects 77% of solar radiation at 00 rum in comparison to the standard
coating which reflects 33% and has a 80° gloss of 74. Table B contains a
forrnulation alsa developed in the present study fora semigloss solar heat
reflecting coating for LS. naval warships which has a haze grey colour [48] and a
0% gloss of 50, The spectral reflectance fraem 380 to 2300 nm is shown o Figure 3
fior this coating and for the conventional coating. The reflectance of the new
coating is nppmﬂnu!ﬂ}r pwice that of the older eoating in the nagion from T20 o
2300 nen. The reflectance in the visible region betwean 380 and 720 nmn indicates
that the new ealour is metameric to the older colour; this is a consequence of
substituting phthalocyanine biue and red iron axide for carbon black
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Figure 5: Infrared reflectances of bwo Haze Grey foramlations.




Table & Solar kest reflzcting Haze Gray camoufiage enarel

Ingredient il Specfic  Kilograms Litres
Absorption Gravity

Titanbwr: dicacide, 200 nm 17 4.0 32750 5.95
Titanium dioxide, 10 pm® 17 380 B237 Z1.15
Megresium silicate” d5 27 1033 3.74
Yellow iron oxided £ 403 .19 033
Red iron axbdet 18 4.90 240 0.49
Fhibmlocyanine blue’ 45 165 .70 041
Siljcone allyd resin, JTRE .56 11544 13043
Cobalt orioate, 650 .79 G50
Caleium octoate, 20% iz 352
Zirconbum ootoate, 20 L6 0.56
hfethyl ethiy] ketoximek 508 503
While spirit! o 2580 3as

TOTAL 275378 54 87

- = = Tm M A B A Ok

Ti-Puse R-960, duPont Australia Lid,
Taena WC, SCh Chesicals Lid.

Tale TSF, Commerciah Minerals Led.
Yallow iron sxide Y0-2087, Commescial Minerals Ltd.
Paliogen black LODB4, BASE Austratia Ltd
Zanfase blue 15:2 2480532, T.R. Chemicals (Aust) Pty Lid
Koerreail 3435/ 70, Kemrez Chemicals Divisian, BCI Australia Ltd,
Hardadsi ecbalt, Colours & Chenilcals Pry Led.
Hardadri caleium. Colours & Chemicals Pry Lid.
Hardadrsi zircorium, Colours & Chemicals Pry Lid
Exkin number Z, AC. Hatrick Chemicals Pry Lid.
White gpirit, Sheil Chesmicals {Australia) Piy Led.

Table 9 NIR reflectances of standard paints and soler reflecting paiits for Uricn

camicufTage paint scheme
T Standard Fair M1 Reflecting Faint
495 e 7%
w3 L5 e
3.5 2% Gl%
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