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This paper reports that heat insulating property of infrared reflective coatings is obtained through the use of

pigments which diffuse near-infrared thermal radiation. Suitable structure and size distribution of pigments would

attain maximum diffuse infrared radiation and reduce the pigment volume concentration required. The optimum

structure and size range of pigments for reflective infrared coatings are studied by using Kubelka–Munk theory, Mie

model and independent scattering approximation. Taking titania particle as the pigment embedded in an inorganic

coating, the computational results show that core-shell particles present excellent scattering ability, more so than solid

and hollow spherical particles. The optimum radius range of core-shell particles is around 0.3 ∼ 1.6 µm. Furthermore,

the influence of shell thickness on optical parameters of the coating is also obvious and the optimal thickness of shell is

100–300 nm.
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1. Introduction

The effects of pigments of heat-insulating coat-
ings have attracted much attention since the fabri-
cation of heat insulating or cooling coatings[1−3] due
to their excellent light scattering property. Heat-
insulating coatings have various applications, such
as architectural surfaces, battleship hulls, pigmental
polymer foils, satellite panels, high temperature pro-
tecting materials[4−13] etc.

A good understanding of light scattering and ab-
sorption by small particles in media is of importance in
selecting kind, structure and size distribution of pig-
ments. Light scattering from pigmental particles dis-
persed in coatings can be described by radiative trans-
fer theory. The well-known approximate approach of
radiation propagation theory in coatings is Kubelka–
Munk (KM) theory. The main parameters in KM
model are scattering coefficient and absorption coeffi-
cient. Vargas and Maheu et al.[14−19] provided aver-
age pathlength parameters (APP) and forward scat-
tering ratios (FSR) for establishing the relation be-
tween those coefficients of the coatings and the pa-
rameter of a single particle. Lastly, scattering model
and solution of single particle are provided by Bohren
et al.[20]

Based on the above theories, scholars try to at-
tain maximum heat insulating property of pigmental
coatings.[21] Johnson et al.[22] studied the grain size
distribution of zinc oxide pigment in a thermal control
coatings used for spacecraft walls. Baneshi et al.[23]

optimized pigmental coatings considering both ther-
mal and aesthetic effects. Moreover, Jaenicke et al.[24]

developed an empirical formula which can be used to
estimate suitable particle size of pigments for infrared
reflecting coatings.

Unfortunately, those studies mainly deal with the
scattering property of solid spherical particles and op-
timize its size distribution for given coatings. Select-
ing mechanism of pigments for heat-insulating coat-
ings is not achieved comprehensively and systemati-
cally. Systematic theoretical work that can be used
to select pigments kind, size and structure is greatly
needed. Furthermore, those studies are concerned
only with maximizing solar reflectance in the near in-
frared region (780–2500 nm). Practically, thermal ra-
diation energy emitted from a heat source in the tem-
perature from 300 K to 1000 K has a broad-wavelength
range spectrum (mainly in 0.75–10 µm). Infrared ra-
diation of broad-wavelength range should be insulated
by inorganic coatings used in high-temperature en-
vironment because the thermal radiation energy is
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important at high temperature.[25,26] So, pigments
should have excellent scattering property in a broad-
wavelength range for a wide range of industrial appli-
cations.

This paper aims to optimize the kinds, struc-
ture and size of pigments for heat-insulating coatings.
Different kinds and structures of pigments scattering
properties are studied by using KM theory and Mie
theory. To solid and hollow spherical pigments, parti-
cles size range in the coatings for effectively insulating
radiative heat transfer is optimized by using Mie the-
ory. Similarly, the size range and thickness of shell of
core-shell structural pigments are also optimized. Fi-
nally, we compared scattering properties of spherical
pigments with core-shell structural pigments.

The rest of this paper is organized as follows.
In Section 2 we make use of the radiative transfer
and Mie scattering theories to establish computational
models. The details of results are presented in Section
3. Finally, Section 4 gives the conclusions.

2. Computational models

2.1.Radiative transfer model in a coat-

ing layer

Rigorous solutions of radiative heat transfer equa-
tions lead to mathematical and computational chal-
lenges. The KM theory gives an approximate ap-
proach which bases on the concept of radiation ex-
change between different flux channels in the coating.
We consider a coating layer, as shown in Fig. 1. The
thickness of the coating is z0. We assume that the
area of the coating is so large that we can ignore the
edge effect. According to the conditions of KM the-
ory, we also assume that the light is perfectly diffused
and the dependent scattering is dismissed.

Fig. 1. Heat radiation fluxes transmitting a coating of

thickness z0. Where Ri denotes the external diffuse re-

flectance at the front interface and R1 is the internal dif-

fuse reflectance at the same location, namely, z = 0, R2 de-

notes the diffuse reflectance at the back interface, z = z0.

The radiative transfer in the coating layer can be
described in terms of the two-flux model of Kubelka
and Munk. The radiative transfer equations can be
written as two different equations:[20]





dF+

dz
= −(K + S)F+ + SF−,

dF−
dz

= (K + S)F− − SF+,

(1)

where F+ and F− are positive and negative diffuse
radiation flux, respectively. The K and S are the
absorption coefficient and backscattering coefficient
within the layer, respectively.

Maheu, Vagas and Niklasson introduced the aver-
age pathlength parameter (APP) to describe the light
propagation property through single-scattering. The
absorption coefficient K and backscattering coefficient
S can be expressed as[14−19]

K = ξρCabs, S = ξρ(1− σc)Csca, (2)

where ξ is the APP, ρ is the number density of the
pigment particles, σc is the forward scattering ratio,
Cabs is the absorption cross section of single particle
respectively, and Csca is the scattering cross section of
single particle.

The light is diffuse and isotropic in coating layer
according to KM theory. In this case, APP is equal
to 2. The absorption coefficient K and backscattering
coefficient S are changed to

K = 2ρCabs, S = 2ρ(1− σc)Csca. (3)

Or

K = 2ρCabs =
3f

2a
Qabs, S =

3f(1− σc)Qsca

2a
, (4)

where Qabs, Qsca and σc will be determined by Mie
theory, a is the radius of particle, f denotes the vol-
ume fraction of the particles.

2.2.Mie scattering model

According to Mie theory, the extinction efficiency
of a sphere is written as[19,27]

Qext =
Cext

πa2
=

2
x2

∞∑
n=1

(2n + 1)Re(an + bn). (5)

And the scattering efficiency is

Qsca =
Csca

πa2
=

2
x2

∞∑
n=1

(2n + 1)(|an|2 + |bn|2). (6)

The absorption efficiency is written as

Qabs = Qext −Qsca, (7)
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where x = 2πa/λ is the size parameter of the particle

(λ is the wavelength in vacuum). The coefficients of

the scattering functions an and bn can be expressed

as[20]





an =
mψn(mx)ψ′n(x)− ψn(x)ψ′n(mx)
ψn(mx)ζ ′n(x)− ζn(x)ψ′n(mx)

,

bn =
ψn(mx)ψ′n(x)−mψn(x)ψ′n(mx)
ψn(mx)ζ ′n(x)−mζn(x)ψ′n(mx)

,

(8)

where ψn and ζn are the Riccati–Bessel functions and
m is the refractive index of the particle relative to the
coating substrate, i.e., m = m1/m2 (where m1 and
m2 are the refractive indices of the particle and the
substrate).

Calculation of scattering coefficient and absorp-
tion coefficient of core-shell structure pigments also
needs the above equation. However, the coefficients
of the scattering functions are different from spherical
pigments and can be expressed as[28,29]

acs
n =

ψn(y)[ψ′n(m2y)−Anχ′n(m2y)]−m2ψn(m2y)[ψn(m2y)−Anχn(m2y)]
ξn(y)[ψ′n(m2y)−Anχ′n(m2y)]−m2ξ′n(y)[ψn(m2y)−Anχn(m2y)]

, (9a)

bcs
n =

m2ψn(y)[ψ′n(m2y)−Bnχ′n(m2y)]− ψ′n(y)[ψn(m2y)−Bnχn(m2y)]
m2ξn(y)[ψ′n(m2y)−Bnχ′n(m2y)]− ξ′n(y)[ψn(m2y)−Bnχn(m2y)]

, (9b)

An =
m2ψn(m2x)ψ′n(m1x)−m1ψ

′
n(m2x)ψn(m1x)

m2χn(m2x)ψ′n(m1x)−m1χ′n(m1x)nψn(m1x)
, (9c)

Bn =
m2ψn(m1x)ψ′n(m2x)−m1ψn(m2x)ψ′n(m1x)
m2χ′n(m2x)ψn(m1x)−m1ψ′n(m1x)χn(m2x)

, (9d)

where x = ka, y = kb (a is the radius of core, b is the
radius of core-shell sphere), k = 2πm3/λ is the wave
number in media 3, χn(z) is the Riccati–Bessel func-
tion, and χn(z) = −zyn(z) (yn(z) is spherical Neuman
function).

3. Results and discussion

Thermal infrared reflecting coatings are designed
to reflect infrared radiation. In these coatings, in-
organic or metal pigments are the principal active
ingredients which reflect thermal infrared radiation
strongly. Common inorganic pigments were used for
those coatings and their refractive indexes are shown
in Table 1.

Table 1. Common inorganic pigments refractive in-

dexes.

pigments refractive index

TiO2 2.8

SiC 2.6

Ta2O5 2.50

Fe2O5 2.35

ZrO2 2.10

CaO 1.84

Al2O3 1.70

SiO2 1.54

Titanium dioxide is the most important commer-
cial pigment used in thermal infrared reflecting coat-
ings. It is widely used because it efficiently scatters
infrared light due to high refractive index, thereby
imparting whiteness, brightness and opacity when in-
corporated in a coating. Crystalline titanium dioxide
most commonly occurs in one of two crystal struc-
tures: anatase and rutile. Rutile titanium dioxide pig-
ments are preferred because they scatter light more ef-
ficiently, and are more stable and durable than anatase
pigments.

We choose titanium dioxide as the pigment and
sample the wavelengths in a 0.75–10 µm window. Sil-
ica is chosen as the medium for the coatings due to its
low refractive index and high temperature resistance.
Within our computation we set f = 0.05. Scatter-
ing properties of different structural pigments were
studied by using above models, including solid spher-
ical titania, SiO2@TiO2 core-shell particle and hollow
spherical titania.

Scattering coefficients of spherical titanium diox-
ide particle as a function of infrared wavelength for se-
lected radii are computed and plotted in Fig. 2. From
this plot, the general trend in greater scattering effi-
ciency on wavelength for smaller particle diameter is
clearly evident. For all diameters, the shape of the S

value distribution curve tends to be lognormal with
respect to wavelength.
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The highest scattering coefficient (0.20 µm−1) of
0.3 µm particle occurs at the wavelength of 1 µm.
At larger radius, the highest scattering coefficient is
smaller than smaller radius, with the highest scatter-
ing coefficient occurring at longer wavelength. It is
quite evident from the plot that there is an optimal
radius of particle for the highest scattering coefficient
of selected wavelengths. Namely, if we want to scatter
infrared radiation effectively from 0.75 µm to 10 µm
wavelength range, optimal particle size distribution is
needed.

Fig. 2. Scattering coefficients of solid spherical TiO2 par-

ticles as a function of wavelength for selected radii.

For convenience, the relationships between the
highest scattering coefficient, corresponding radius of
particle and wavelength are plotted in Fig. 3. As indi-
cated in this figure, infrared radiation from 0.75 µm to
10 µm wavelength range is most effectively scattered
by solid spherical TiO2 particle for radii ranging from
0.2 µm to 3 µm. In addition, the highest scattering
coefficients become smaller at longer wavelength from
0.34 µm−1 to 0.02 µm−1.

Fig. 3. The maximum scattering coefficient and corre-

sponding radius of solid spherical TiO2 particle at corre-

sponding wavelength.

Similar results can be obtained from empirical
formula for solid spherical particle such that effec-

tively scattering longer wavelength of infrared radi-
ation needs a larger particle. However, the optimum
size distribution is 0.4–4.5 µm from empirical formula,
which is larger than our predicted value. Most im-
portantly, the empirical formula is not competent for
predicting size range of complex structural particles,
such as core-shell and hollow particles, etc.

Fig. 4. The maximum scattering coefficient and corre-

sponding radius of SiO2@TiO2 core-shell particles for se-

lected wavelength. The shell thicknesses of titania particle

were (a) 100 nm, (b) 200 nm and (c) 300 nm.

Core-shell or hollow particles were expected to
hold enhanced light scattering properties for a differ-
ence in the refractive index between the shell and the
internal core. For core-shell titanium dioxide particles
with different shell thicknesses, the maximum value
of scattering coefficient and corresponding radius as
a function of wavelength are plotted in Fig. 4. As
seen from the figure, the optimal size distribution is
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presented in a nearly linearly increasing manner and
the maximum value of scattering coefficient does not
monotonously increase and there is a peak on the
curve. As illustrated in Figs. 4(a), 4(b) and 4(c), it is
clear that the maximum value of scattering coefficient
is large when wavelength is short (less than 6 µm),
and the value is small at long wave band (greater than
6 µm).

The computational results show that scattering
coefficients of core-shell TiO2 pigments are larger than
solid spherical pigments when wavelength is shorter
than 6 µm. In addition, optimal size range of core-
shell particles is from 0.2–1.8 µm which is smaller than
solid spherical particles.

The influence of shell thickness on scattering abil-
ity of the coatings is provided in Fig. 4. As the thick-
ness increases, the value becomes larger at the long
wave band. At the same time, the size range becomes
narrow and the largest size is 1.55 µm when the thick-
ness of shell is 300 nm. Thus, core-shell pigmental
coatings just need smaller size particles for the most
effectively scattering ability.

Like core-shell pigments, hollow spherical pig-
ments present similar scattering properties, including
the maximum value of scattering coefficients and size
range which are plotted in Fig. 5. From Fig. 5, it
is shown that the maximum scattering coefficient de-
creases with thickness of hollow particle’s shell at short

Fig. 5. Optimal radius and the maximum scattering coef-

ficient of hollow spherical TiO2 particle for different shell

thicknesses at selected wavelength. The thicknesses of

shell are 100 nm, 200 nm and 300 nm, respectively.

wavelength (less than 6 µm) and increases at longer
wavelength (greater than 6 µm).

The general trends in optimal size distribution
and scattering coefficients for hollow particles are sim-
ilar to core-shell particles. Also, the influence of shell
thickness of hollow spherical particles on scattering
ability is similar to core-shell particles. Additionally,
after a careful observation, scattering coefficients are
slightly smaller than core-shell particles. Therefore,
core-shell structure is the optimal structure of pigment
for heat-insulating coatings.

4. Conclusions

The scattering of light by pigment particles em-
bedded in a coating matrix should be studied to opti-
mize particle size and structure of pigments in order to
obtain the most efficient scattering mechanism. The
KM theory and Mie model were used to investigate
optical properties of pigmental coatings and predict
optimal size distribution and structure of pigments
conveniently.

Within the independent scattering approxima-
tion, different structural titanium dioxide particles are
chosen as pigments to constitute a reflective infrared
coating, and the optimized structure and size range
are computed by using Mie theory. Scattering abil-
ity of core-shell titanium dioxide pigment whose size
range is from 0.3 µm–1.6 µm is more excellent than
solid spherical and hollow spherical titanium dioxide
pigments. Moreover, shell thickness of core-shell tita-
nia particle also influences optical properties of the
coating and the optimal thickness of shell is 100–
300 nm.

The scattering coefficients of other inorganic ma-
terials as pigment particles with high refractive index
can be predicted similarly by using the above theo-
ries, for example ZrO2, SiC, etc. So, the model can be
used in the coating industry conveniently to charac-
terize pigment performance and as a tool in predictive
size distribution and structure of particles.
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