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a b s t r a c t

Nowadays, the undesirable heat generated from solar energy troubles people a lot in various aspects,
including the energy consumption for cooling purposes, the potential safety hazards of the outdoor
devices used in high-temperature environment and so on. Therefore, many cool materials emerge as the
times require, which can mitigate these serious situation. In this study, a concept of solar reflective ASA
(acrylonitrile-styrene-acrylate terpolymer) for cool material was proposed. To achieve this purpose,
several inorganic particles with high solar reflectance were chosen to mix with ASA via melt blending to
improve the cooling property of ASA. Ultraviolet-visible-near infrared (UV-Vis-NIR) spectral and tem-
perature test were carried out to evaluate the cooling properties of ASA and its hybrid composites. The
results of the solar spectral test showed that the addition of only 1% volume fraction of inorganic par-
ticles could effectively improve the solar reflectance of ASA. And ASA/barium titanate (BaTiO3) hybrid
composite possessed the highest reflectance value of 67.66%, nearly 2 times that of neat ASA. The results
of the indoor temperature test were in highly consistent with those of the solar reflectance, which
showed that all the hybrid composites presented better cooling effect compared with neat ASA. Also,
ASA/BaTiO3 hybrid composite exhibited the best cooling effect, nearly 10 �C lower than neat ASA. Besides,
the outdoor temperature test showed the same trend with the indoor temperature test. Furthermore, the
results of the mechanic test indicated that the improvement of the cooling properties was based on no
sacrifice of the mechanical properties.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Among all the renewable energy sources, solar energy has
attracted more attentions as it has resource potential that far ex-
ceeds the entire global energy demand [1]. Hence, solar energy has
delivered a great contribution to the solution of human's energy
problem [2]. However, the solar energy also troubles people a lot in
various aspects as solar radiation may generate undesirable heat,
especially in hot summer. For instance, the high temperature
caused by the undesirable heat inside buildings and cars brings
people uncomfortable feelings. Besides, the refrigerated foods
(fresh meat, egg and milk, etc.) may go bad due to the undesirable
heat during transportation by truck [3]. Although the use of the
cooling equipment can mitigate these situations, amounts of
ce and Engineering, Nanjing
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unnecessary energy consumption are generated [4]. For another
instance, the use of outdoor devices, such as base station antenna,
in high-temperature environment may cause some potential safety
hazards. Thus, housings with cooling property for outdoor devices
are essential. To solve these troubles, many cool materials emerge
as they can decrease the heat built-up and minimize the temper-
ature rise. Song et al. [5] used titanium dioxide rutile pigments to
improve the solar reflectance of cool non-white coatings and an
approximately 15% improvement of the integrated solar reflectance
could be obtained. Soumya et al. [6] used solution mixing method
to prepare poly(methyl methacrylate) (PMMA)/Zinc oxide (ZnO)
composites and the near infrared reflectance at the wavelength of
810 and 1100 nm could be significantly increased to 55 and 53%,
respectively. Raj et al. [7] synthesized a new class of pigments with
high near infrared (NIR) reflectance (80% at 1100 nm) as potential
NIR reflective candidates for cool roof and surface coating appli-
cations. Besides, Lu et al. [8] manufactured a novel energy efficiency
roof coupled with phase change materials and cool materials which
could effectively improve the indoor thermal environment and
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lower air conditioning load evidently. All these works have made
tremendous contribution to the field of cool material and effec-
tively reduced the unnecessary energy loss. And based on these
works, more meaningful research, such as the study of other new
solar heat-reflective pigments or new matrix for cool material,
could also be carried out to promote the development of cool
material.

Acrylonitrile-styrene-acrylate terpolymer (ASA) has a similar
core-shell structure with acrylonitrile-butadiene-styrene
terpolymer (ABS) except that the butadiene rubber was replaced
by acrylate rubber, which can alleviate the physical (or chemical)
aging of butadiene rubber by removing the degradation of C]C
double bond in the backbone of ABS [9]. Therefore, ASA has more
excellent weather resistance property. Besides, the unique core-
shell structure gives ASA many other excellent properties, such as
high toughness, good dimensional stability, well thermal stability
as well as excellent mechanical properties. These excellent prop-
erties make ASA suitable for various outdoor applications [10].
However, the solar reflectance of ASA is not very high, whichmeans
a poor cooling property. Therefore, it will be a meaningful work to
improve the cooling property of ASA. Mixing polymer matrix with
inorganic solids to prepare organic/inorganic composite is a com-
mon and easy-to-perform polymeric modification method, which
can obtain significant improvement of physical and/or chemical
properties over the matrix polymers [11,12].

In our previous work, titanium dioxide (TiO2) was used to
improve the cooling property of high density polyethylene (HDPE)
and the total solar reflectance could be increased to 65.2% [13]. On
one hand, it may be ascribed to the influence of TiO2 on the crys-
tallization behavior of HDPE. On the other hand, the high solar
reflectance of TiO2 particles is indispensable. Based on this, six
kinds of inorganic particles with high solar reflectance were chosen
to mix with ASA to improve the cooling property of ASA. And some
of them have even not been used as solar reflective pigment for cool
material so far, such as barium titanate (BaTiO3) which was
extensively used in manufacturing electronic materials [14,15].
Then, solar reflective ASA for cool material would be obtained.
2. Design concept

The schematic diagram for our design concept of solar reflective
ASA is illustrated in Fig. 1. In the figure, the inorganic particle-1 is
able to reflect full-band sunlight reaching the earth's surface, while
the inorganic particle-2 can reflect visible and near-infrared band
but absorb ultraviolet band sunlight reaching the earth's surface.
Two kinds of ideal solar reflective ASA were proposed. One is solar
reflective ASA-І consisting of ASA and inorganic particle-1, which
can reflect full-band sunlight as shown in Fig. 1c. The other one is
solar reflective ASA-П consisting of ASA and inorganic particle-2,
which can reflect visible and near-infrared band but absorb ultra-
violet band sunlight as shown in Fig. 1d.

In fact, we are more inclined to solar reflective ASA-П and there
are mainly two reasons. Firstly, the high-energy ultraviolet light
usually leads to the degradation of polymers [16]. If the inorganic
particles can absorb most of the ultraviolet light, the polymer
around the particles will share little and avoid being damaged.
Then, the anti-ultraviolet ageing performance of the polymer will
be improved dramatically. Secondly, although the energy of ultra-
violet light is very high, its wavelength range (from 280 to 400 nm)
is too narrow. And the ultraviolet light occupies only about 5% of
the total radiation reaching the earth's surface [16]. Therefore, the
absorption of ultraviolet light will have little influence on the
cooling property of solar reflective ASA.
3. Experimental

3.1. Materials

ASA (HX-960, density ¼ 1.05 g/cm3) was supplied by Zibo
Huaxing additives Co., Ltd., China. ZnO (density¼ 5.61 g/cm3) was a
product from Nanjing Chemical Material Corp., Ltd., China. Calcium
molybdate (CaMoO4, density¼ 4.35 g/cm3) was made by ourselves.
Yttrium oxide (Y2O3, density ¼ 5.01 g/cm3) was purchased from
Beijing Founde Star Science & Technology Co., Ltd., China. TiO2
(density ¼ 4.25 g/cm3) was commercially obtained from Xuan-
cheng Jingrui NewMaterial Co., Ltd., China. Antimony oxide (Sb2O3,
density ¼ 5.67 g/cm3) was received from Yiyang Huachang Anti-
mony Industry Co., Ltd., China. BaTiO3 (density ¼ 6.02 g/cm3) was
supplied by Foshan Songbao Electronic Functional Material Co.,
Ltd., China.

3.2. Sample preparation

ASA was mixed with the inorganic particles in a two-roll mill
(SK-160B, Shanghai Rubber Machine Factory, China) at 180 �C. Since
the densities of the inorganic particles are different to each other,
the addition amount of the inorganic particles was set to a volume
fraction of 1%. The detailed formulation of different samples is
defined in Table 1. After the melt blending, the prepared blends
were compression-molded into approximately 1 mm, 2 mm, and
4mm thickness sheets at 180 �C. The sheets of approximately 1mm
thickness were prepared for ultraviolet-visible-near infrared (UV-
Vis-NIR) spectral and temperature test. The dumb-bell shaped
pieces cut from 2 mm sheets were used for tensile tests. The 4 mm
sheets were machined into rectangular samples (80 � 10 � 4 mm3)
for impact and flexural tests.

3.3. Characterization

3.3.1. Wide angle X-ray diffraction (WAXD) measurement
In order to determine the actual phase composition of the

inorganic powders, WAXD measurement was performed by a
Rigaku Smart Lab 3000 diffractometer, operating with Cu Ka radi-
ation (35 kV, 30mA). The scanning velocity and rangewere 10�/min
and 10�e80�, respectively.

3.3.2. Fourier transform infrared (FTIR) spectra analysis
The inorganic powders were also tested by FTIR spectra. And the

spectral curves were measured using a FTIR spectrometer (Nexus
670, Nicolet, USA). Each spectrumwas collected at the resolution of
4 cm�1 in the range of 4000e400 cm�1.

3.3.3. UV-Vis-NIR spectral measurement
The UV-Vis-NIR reflectance spectra were measured by a spec-

trometer (Shimadzu UV-3600, Japan) with an integrating sphere.
The scanning spectral region was from 200 to 2600 nm. Barium
sulfate was applied as the white reference. Each spectrum reported
is an average of three spectra recorded in different areas of the
sample. Here, the reflected fraction Rl0/l1 of solar irradiation
incident at wavelength between l0 and l1 is defined as the
irradiance-weighted average of its spectral reflectance rðlÞ, and it
can be calculated using the following equation [17]:

Rl0/l1 ¼

2
64 Zl1

l0

rðlÞiðlÞdl

3
75
,2

64 Zl1
l0

iðlÞdl

3
75 (1)

where iðlÞ represents the solar spectral irradiance (energy per unit



Fig. 1. Schematic diagram for our design concept of solar reflective ASA: (a) spectrum of sunlight reaching the earth's surface, (b) solar reflectance of original ASA, (c) solar
reflectance of ideal solar reflective ASA-І, (d) solar reflectance of ideal solar reflective ASA-П.

Table 1
Formulation of samples blended with different inorganic particles.

Samples Composition/g

ASA ZnO CaMoO4 Y2O3 TiO2 Sb2O3 BaTiO3

ASA 208.0 e e e e e e

ASA/ZnO 208.0 11.2 e e e e e

ASA/CaMoO4 208.0 e 8.7 e e e e

ASA/Y2O3 208.0 e e 10.0 e e e

ASA/TiO2 208.0 e e e 8.5 e e

ASA/Sb2O3 208.0 e e e e 11.3 e

ASA/BaTiO3 208.0 e e e e e 12.0
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area per unit wavelength).
The total solar reflectance Rsol (280e2500 nm) can be divided

into three parts, respectively are UV reflectance Ru (280e400 nm),
visible reflectance Rv (400e700 nm), and NIR reflectance Rn
(700e2500 nm). And the total solar reflectance can be calculated by
the following equation based on the distribution of each solar en-
ergy (5% UV, 43% visible, and 52% NIR) yield [17],

Rsol ¼ 0:05Ru þ 0:43Rv þ 0:52Rn (2)
3.3.4. Temperature test
To evaluate the real cooling property of the composites, a

sandwich structure device was designed by ourselves [18]. There
are two different temperature test methods. One is indoor tem-
perature test, which is performed with the assistance of a solar
simulator (Solar 3A, Newport, America) as shown in Fig. 2. The light
intensity at the surface of test sample is 0.3 W/cm2 and the internal
temperature of the device is read during a certain time interval. The
test was conducted in a roomwith a constant temperature of about
20 �C. The other is outdoor temperature test, which is conducted in
a sunny day at noon (from 12:45e13:45). All the test devices were
placed on a piece of insulating foam to isolate the heat exchange
between the devices and the ground. Also, the internal temperature
of the device is read during a certain time interval.
3.3.5. Mechanical properties
The impact strength was measured by an Izod impact tester (UJ-

4, Chengde Machine Factory, China) at room temperature, accord-
ing to ISO 180. The tensile and flexural properties were tested by a
universal testing machine (CMT 5254, Shenzhen SANS testing
machine Co., Ltd., China) with steady rate of 5 mm/min for tensile
test and 2 mm/min for flexural test according to ISO 527 and ISO
178, respectively. Each datum in the figure is the average value of at
least three tests.



Fig. 2. Schematic diagram for the indoor temperature test: (a) tested with glass, (b) tested with sample.

B. Xiang et al. / Composites Science and Technology 145 (2017) 149e156152
4. Results and discussion

4.1. Characterizations of inorganic particles

4.1.1. WAXD analysis
WAXD diffraction patterns of different inorganic particles in the

range 10e80� are sketched in Fig. 3. Through a series of
Fig. 3. WAXD patterns of different inorganic particles.
comparison, it can be found that the patterns of the six inorganic
particles are all well coincidencewith the standard JCPDS cards (No.
36-1451 for wurtzite ZnO [19], No. 29-0351 for tetragonal CaMoO4
[20], No. 05-0574 for cubic Y2O3 [21], No. 4-551 for rutile TiO2 [22],
No. 42-1466 for Sb2O3 [23] and No. 5-626 for tetragonal BaTiO3
[24]).
Fig. 4. FTIR spectra of different inorganic particles.
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4.1.2. FTIR analysis
The results of FTIR test are displayed in Fig. 4. Overall, the broad

band between 3100 and 3700 cm�1 on all the six curves corre-
sponds to the symmetric and asymmetric stretching vibrations of
weakly bound water interacting with its environment via hydrogen
bonding as well as the stretching vibrations of hydrogen-bonded
OH groups. Moreover, on ZnO curve, the band located at about
440 cm�1 is diagnostic of ZnO [25]. On CaMoO4 curve, the bands at
825 and 432 cm�1 are assigned to asymmetric stretching and
bending vibrations of MoO4

2� tetrahedron, respectively [26]. On
Y2O3 curve, the bands at 470 and 566 cm�1 are due to YeO
stretching vibrations [27]. On TiO2 curve, the broad absorption in
400e800 cm�1 were assigned to TieO vibrations in TiO2 [28]. On
Sb2O3 curve, the two absorption bands at 740 and 960 cm�1

correspond to symmetric stretching and overtone vibrations of
cubic Sb2O3, respectively [29]. On BaTiO3 curve, the broad band at
about 530 cm�1 is typical of the TieO vibrations in BaTiO3 [30].
Fig. 6. Solar reflectance of ASA and its hybrid composites: (a) neat ASA, (b) ASA/ZnO,
(c) ASA/CaMoO4, (d) ASA/Y2O3, (e) ASA/TiO2, (f) ASA/Sb2O3, (g) ASA/BaTiO3.
4.1.3. Solar reflectance
The solar reflectance of the inorganic particles is shown in Fig. 5.

Obviously, compared with neat ASA, all the six kinds of inorganic
particles have much higher solar reflectance, which indicates that
these particles are able to improve the solar reflectance of ASA.
Besides, a closer look at the reflectance curves can also reveal that
CaMoO4, Y2O3 and Sb2O3 can be classified as the inorganic particle-
1 mentioned in Fig. 1. Because these three particles can reflect
almost full-band sunlight as shown in Fig. 5. Of course, the
remaining three particles including ZnO, TiO2 and BaTiO3 are
classified as the inorganic particle-2 for they can reflect visible and
near-infrared band but absorb ultraviolet band sunlight as illus-
trated in Fig. 5.

Through the above three characterizations, it can be confirmed
that these six kinds of inorganic particles could be used for the next
experimental research.
4.2. Cooling properties of ASA and its hybrid composites

4.2.1. Solar reflectance
After sample preparation, the optical property of all the samples

was firstly tested. The solar reflectance is a very important property
for cool materials which can indirectly reflect the cooling efficiency.
Fig. 6 shows the solar reflectance of ASA and its hybrid composites.
Fig. 5. Solar reflectance of ASA and different inorganic particles: (a) neat ASA, (b) ZnO,
(c) CaMoO4, (d) Y2O3, (e) TiO2, (f) Sb2O3, (g) BaTiO3.
The figure reveals that the solar reflectance of all the hybrid com-
posites is higher at visible and near-infrared band compared with
neat ASA. This is mainly caused by the high solar reflectance of
these inorganic particles as confirmed in Fig. 5.

In order to compare the solar reflectance quantitatively, the
irradiance-weighted average reflectance values of ASA and its
hybrid composites were calculated according to Eqs. (1)e(2), and
the results are displayed in Table 2. As can be seen, in ultraviolet
region, the composites containing ZnO, TiO2 and BaTiO3 have much
lower reflectance values compared with neat ASA. This is mainly
due to the strong ultraviolet absorption ability of these three par-
ticles. In visible and near infrared regions, the hybrid composites all
show higher reflectance. Since the mid-IR overtones of carbon
hydrogen single bond result in a large inevitable absorption of the
near infrared light (>1000 nm), the reflectance values in near
infrared region is not as much as that in visible region [31].

Then, let's focus on the total solar reflectance values. There is no
doubt that the total solar reflectance values of the hybrid com-
posites are all higher than that of neat ASA. Especially, ASA/TiO2,
ASA/Sb2O3 and ASA/BaTiO3 these three composites all have much
higher reflectance values, which are all above 60%, 1.5 times more
than that of neat ASA. As reported in literature, for composites
composed of pigments and resins, the solar reflection efficiency
relies on the refractive index of pigments andmaterials with higher
refractive index usually possess higher reflectance [32]. The
refractive index of TiO2, Sb2O3 and BaTiO3 is 2.7 [33], 2.1 [34] and
2.4 [35], while that of ZnO, CaMoO4 and Y2O3 is approximately 2.0
[36], 1.9 [37] and 1.9 [38], respectively. Therefore, the much higher
Table 2
Detailed irradiance-weighted average reflectance values of ASA and its hybrid
composites.

Samples Ru (%) Rv (%) Rn (%) Rsol (%)

ASA 40.86 ± 0.51 59.37 ± 0.87 21.79 ± 0.16 38.90 ± 0.27
ASA/ZnO 12.97 ± 0.20 67.24 ± 0.28 27.82 ± 0.12 44.02 ± 0.14
ASA/CaMoO4 33.29 ± 1.29 54.24 ± 0.32 40.92 ± 0.32 46.27 ± 0.22
ASA/Y2O3 38.91 ± 1.33 59.98 ± 0.64 38.46 ± 0.64 47.73 ± 0.55
ASA/TiO2 14.10 ± 0.10 82.88 ± 0.75 49.01 ± 0.50 61.83 ± 0.56
ASA/Sb2O3 46.06 ± 0.54 76.72 ± 0.60 55.03 ± 0.48 63.91 ± 0.53
ASA/BaTiO3 20.44 ± 0.20 81.01 ± 0.99 61.16 ± 0.73 67.66 ± 0.69

All reflectance values of different bands (Ru, Rv, Rn) were calculated by Eq. (1), the
total solar reflectance values Rsol was calculated by Eq. (2).
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reflectance values of ASA/TiO2, ASA/Sb2O3 and ASA/BaTiO3 may be
partially caused by the relatively higher refractive index of those
three inorganic pigments. Outstandingly, the composite containing
BaTiO3 has the highest value, which is 67.66%, nearly 2 times that of
neat ASA. Besides, it can also be found that ASA/BaTiO3 composite
could be classified as solar reflective ASA-П mentioned in design
concept section, which indicates an excellent weather resistance
and more protection to ASA matrix.
Fig. 8. The temperature change of the inner space of the device versus time interval
(outdoor). This temperature test was measured from 12:45e13:45 on 28th July 2016,
the real-time temperature of environment was 38 �C, 32�403700N, 118�4601900E, in city
Nanjing, China.
4.2.2. Temperature test
The temperature test is applied to directly reflect the real

cooling property of the samples. Fig. 7 shows the results of indoor
temperature test. The temperature-rising process can be roughly
divided into the following three stages. In the initial 15 min, the
internal temperature rises at a relatively fast rate. Afterwards, from
15 to 45min, the internal temperature rises at a gradually declining
rate with the increasing time. Eventually, in the last 15 min, the
internal temperature levels off. Obviously, the internal temperature
of the device covered with glass increases to the highest, which is
around 60 �C, nearly 20 �C higher than that of the device covered
with neat ASA. And this is mainly due to direct solar radiation
without any obstruction. Besides, compared with neat ASA, all the
hybrid composite samples present better cooling effect which can
be owing to the addition of the inorganic particles with high solar
reflectance. In addition, the temperature differences among ASA/
TiO2, ASA/Sb2O3 and ASA/BaTiO3 are quite small as illustrated in
Fig. 7 and the remaining three samples present the same trend. On
one hand, these small discrepancies are mainly ascribed to the
similar solar reflectance values displayed in Table 2. On the other
hand, mixing factor also exists during the experiment but is not the
major factor. Anyway, the composite containing BaTiO3 still show
the best cooling effect, nearly 10 �C lower than neat ASA. In fact, the
cooling effect is in highly consistent with the result of solar
reflectance.

Apart from the indoor temperature test, the outdoor tempera-
ture test was also conducted to support each other. And the results
are shown in Fig. 8. It can be seen from the figure that the internal
temperature change of the devices tested in the outdoor sunlight
shows a same trend with that tested by the solar simulator. The
internal temperature of the device covered with glass shows the
most significant rise with the increasing time. By comparison, the
devices covered with neat ASA and its hybrid composites exhibit
Fig. 7. The temperature change of the inner space of the device versus time interval
(indoor). The light intensity at the surface of test sample is 0.3 W/cm2.
much lower internal temperature, indicating that the introduction
of inorganic particles can really improve the cooling property of
ASA. The only different is that the temperature-rising curves of the
outdoor temperature test are denser compared with those of the
indoor temperature test. The reasons may be as follows. The con-
ditions of the indoor temperature test were controllable while
those of the outdoor temperature test were not. The outdoor
temperature test may be influenced by many uncertain factors,
including the nondirective winds, the floating clouds, the envi-
ronmental temperature and the solar irradiance intensity received
by the samples. And all these factors were changing all the time.
4.3. Mechanical properties of ASA and its hybrid composites

As is well known, mechanical property is one of the most
important performances for materials [39]. Generally, the addition
of inorganic particles will affect the mechanical properties of the
polymer matrix, which tends to increase the stiffness of the com-
posite but decrease its toughness [40]. For this reason, the me-
chanical properties were tested to evaluate whether the practical
performance of the composites has declined compared with neat
ASA. The mechanical properties of ASA and its hybrid composites
are illustrated in Fig. 9. The impact strength and elongation at break
are usually used to evaluate the toughness of materials. From Fig. 9a
and b, it can be found that, compared with control (neat ASA), the
toughness of all the hybrid composites almost remains unchanged
or slightly higher. This is mainly caused by the following two rea-
sons. One is that the volume fraction of inorganic particles is too
low, which is only 1%. Such low volume fraction has little effect on
the toughness. The other one is that the small amounts of inorganic
particles promote the termination of the crazes and the transfer of
stresses and elastic deformations from the ASA matrix to inorganic
particles [41]. The remaining three properties usually reflect the
stiffness of materials. Certainly, the stiffness of all the hybrid
composites increases due to the introduction of the rigid inorganic
particles. In conclusion, the addition of the inorganic particles has
little effect on the mechanical properties of ASA, indicating that the
improvement of the cooling properties is based on no sacrifice of
the mechanical properties.



Fig. 9. Mechanical properties of ASA and its hybrid composites: (a) impact strength, (b) elongation at break, (c) tensile strength, (d) flexural modulus, (e) flexural strength.
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5. Conclusions

In this study, the concept of solar reflective ASA for cool material
was proposed. To achieve this purpose, six kinds of inorganic par-
ticles with high solar reflectance were chose to mix with ASA via
melt blending to improve the cooling property of ASA. Through a
series of analyses and comparison, one can draw the following
conclusions. The results of the solar spectral test told that the
addition of only 1% volume fraction of inorganic particles could
effectively improve the solar reflectance of ASA. And among them,
ASA/BaTiO3 hybrid composite possessed the highest reflectance
value of 67.66%, nearly 2 times that of neat ASA. The results of the
indoor temperature test were in highly consistent with those of the
solar reflectance, which showed that all the hybrid composites
presented better cooling effect compared with neat ASA. Also, ASA/
BaTiO3 hybrid composite exhibited the best cooling effect, nearly
10 �C lower than neat ASA. Besides, the outdoor temperature test
showed the same trend with the indoor temperature test.
Furthermore, the results of the mechanic test indicated that the
improvement of the cooling properties was based on no sacrifice of
the mechanical properties.
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