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Abstract: Spray-drying was used to produce the high emissivity NiCr,O, powders with a spinel structure. Preliminary investigations focused
on fabricating the high emissivity powders for infrared radiation coatings and finding the relationship between microstructure and emissivity.
The NiCr,O4 powders were characterized for composition, microstructure, and infrared emissivity by X-ray diffraction (XRD), scanning
electron microscopy (SEM), infrared radiant instrument, and Fourier transform infrared spectra (FT-IR). Thermogravimetry and differential
thermal analysis show that the appropriate baking temperature for NiCr,O4 powder preparation is about 1200°C. The emissivity measure-
ment and FT-IR spectra show that, because of the special spinel structure, the NiCr,O, powders have a high emissivity about 0.91.

Spray-drying is a suitable method to produce the high emissivity ceramic powders.

Keywords: emissivity; infrared radiation; spray drying; powders; ceramic materials; nickel compounds; chromium compounds

1. Introduction

Recently, high infrared emissivity coatings used in indus-
trial furnaces attract a great attention due to energy savings.
So far, composite ceramic coatings with high emissivity,
such as SiC-SisNg-ALO; [1], ZrO,-Cr,0;-SiC [2], and
AlL,O;-Si0, [3], have been successfully produced by a brush
method. However, both the type and performance of these
coatings are still limited [4]. Especially, the adhesion
strength of these coatings is weak. Air plasma spraying
(APS) is a complex technique to deposit ceramic coatings
for wear resistant [5], thermal barrier applications [6], efc.,
which usually have the excellent adhesion strength. How-
ever, there are few reports about preparing high infrared ra-
diation coatings by APS methods. Obviously, controlling
and optimizing the powder morphology seem to be the first
step to enhance the emissivity of plasma sprayed infrared
radiation coatings. Spray-drying is an effective method to
prepare dry particles which is widely used to produce the
granulated feed powders.

On the other hand, spinel ceramic materials with the gen-
eral formula of AB,O,4 have been widely used in industrial
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applications, such as metallurgical [7], electronic apparatus
[8], and chemical industrial fields [9]. It is well known that
both NiO and Cr,O; have a high emissivity, which indicates
that NiCr,0O, probably has a high emissivity too.

NiCr,0, spinel infrared radiation powders were fabri-
cated in the study. To characterize the powders and find the
relationship between emissivity and experimental parame-
ters, granularity analyses, X-ray diffraction (XRD), scanning
electron microscopy (SEM), thermogravimetry (TG), dif-
ferential thermal analysis (DTA), Fourier transform infrared
spectra (FT-IR), and infrared radiation property measure-
ment were utilized.

2. Experimental

The infrared radiation powders were prepared by spray
drying in this study. At first, several raw materials, including
metal oxides (Cr,0s, NiO, AL Os, SiO,, MnO,, TiO,, and
Fe,0;), organic binder, and deionized water, were mixed in
proportion to become a well-ground slurry. Then, in a spray
dry tower, the slurry was sprayed to agglomerate to be
powders. The composition of raw powders is shown in Ta-
ble 1.
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Table 1. Composition of compound powder wt%

CI'203 NiO A1203 T102 SIOZ F6203 MIl02
38.6 40.1 33 6.3 5.1 33 33

Table 2 shows operating parameters for preparing the
spray-dried spinel powders. The sprayed powders were
chosen with a granularity of 45-75 um and baked in the air.
DTA and TG analyses were carried out with the dried pow-
ders in a thermal analyzer (CN8078B2) at a heating rate of
20 K/min and an air flow rate of 10 L/min. High-purity
a-alumina was utilized as a reference material. The phase
structures were identified by XRD (D/MAXIII) at a scan-
ning speed of 0.02°/s. Microstructural observation of the
coatings was performed by SEM (JSM-5610LV). The in-
frared radiation characteristics were examined by an infrared
radiation instrument (IRE-2,) at 600°C. The FT-IR

Table 2. Operating parameters for preparing the spray-dried
spinel powders

Operating Parameters value
Inlet temperature / °C 170-190
Outlet temperature / °C 30-40
Feed pump speed / (rmin™") 700-800
Atomizing disk speed / (r'min") 200-300
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spectra were measured on a Nicolet 60-SXB FT-IR spec-
trometer with a resolution of 0.02 cm™' over a spectral range
of 400-4000 cm ™.

3. Results and discussion

3.1. Thermodynamic analysis

Essential thermodynamic analysis was used to infer pos-
sible products during the experiment. First, the phase dia-
gram of Cr,O3-NiO was used to determine the appropriate
baking temperature. From the NiO-Cr,O; phase diagram,
the sample can transform into liquid phase beyond 2000°C,
hence, the preparatory baking temperature range is about
1700-1800°C. Second, using relevant thermodynamic data,
the free energy changes (AG=A4+BT) of each reaction can
be calculated as a function of temperature (7), as shown in
Table 3. The standard molar Gibbs energy of NiCr,0, for-
mation agreed with the result calculated by Rudnyi et al.
[10]. It showed that NiCr,O4 was the primary product be-
cause of its lowest AG. With the increase of temperature, the
trend of forward reaction (NiO+Cr,O;—NiCr,O4) de-
creased instead, which meant that the excessive temperature
was harmful for the production. After comprehensive con-
sideration, the baking temperature of feedstock powders was
determined as 900-1200°C.

Table 3. Free energy changes (AG=A+BT) of reactions at different temperatures

Free energy changes

Reaction Temperature range / °C
A/ (Jmol™) B/(J-K:mol ™)
NiO+Cr,0;=NiCr,0, —53600 8.40 727-1227
NiO+Fe,0;=NiFe,0, —19900 =3.77 582-1427
NiO+A1,0;=NiAl,0, —4180 —-12.55 700-1300
2NiO+Si0,=Ni,SiO4 —15500 9.20 25-1545
NiO+TiO,=NiTiOs —18000 8.40 477-1427

Note: 4 and B are the coefficients for the free energy changes.

3.2. TG-DTA analysis

DTA and TG analyses are carried out from 25 to 1200°C
to find the elimination temperature of volatile phases and
determine the baking temperature, as shown in Fig. 1. It re-
veals that the major part of weight loss occurs below 300°C.
There is a weak broad endothermic peak below 400°C in the
DTA curve, which mainly corresponds to the evaporation of
residual free water and the decomposition of residual or-
ganic binder. Because the processes of evaporation and de-
composition are continuous, the endothermic peak is broad
and weak. The DTA analyses show two obvious exothermic
peaks at 639.8 and 1039.8°C, which correspond to the crys-
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Fig. 1. Thermogravimetry (TG) and differential thermal
analysis (DTA).
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tallizing of Cr,0; and the synthesis reaction of NiO+
Cr,0;—NiCr,0,, respectively. The result is confirmed by
the fact that the baking temperature is beyond 900°C for
producing NiCr,Oy phase.

3.3. XRD analysis

XRD patterns of the sample at different baking tempera-
tures are shown in Fig. 2. Except NiO and Cr,0O;, no spinel
structure is found when the baking temperature is lower than
500°C, because the baking temperature is too low to start
the reaction. When the baking temperature is beyond 900°C,
NiCr,0, of spinel structure is successfully generated. The
diffraction peaks are consistent with the standard JCPDS
cards of NiCr,O4, Cr,0;, and NiO, respectively, and it is
very surprised to find that the samples are mainly composed
of NiCr,O, and Cr,O; phase but without NiO. Moreover,
with increasing temperature, the content of Cr,0O; in samples
decreases, while the content of NiCr,O, increases. This
suggests that the adequate reaction between raw materials
leads to the decrease of NiO content, which is why there is
no diffraction peak of NiO beyond 900°C. This result was
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Fig. 2. X-ray patterns of powders at different baking tem-
peratures: (a) 500°C ; (b) 900°C ; (c) 1000°C ; (d) 1200°C.
120

contrary to the conclusion in Ref. [10], which reckoned that
the activity of NiO was equal to that of Cr,Os. In fact, it was
only an ideal theoretical condition in equilibrium state
which was different from the reality. Sloczynski ez al. [11]
prepared NiCr,O4 with spinel structure by a coprecipitation
method using a solution of nickel and chromium nitrates as
raw material. Being a wet chemical method, it took a long
time (over 50 h) and a complex procedure. In contrast, the
solid-phase synthesis is very simple and effective.

Owing to the cubic structure (space group: Fd3m),
NiCr,0,4 with spinel structure has a high emissivity close to
0.90 and a stable phase especially at high temperature. It is
well known that there are two types of spinel structures ac-
cording to the distribution of cations. In the normal spinel,
the spinel structure contains two cation sites for metal cation
occupancy. There are 8 A-sites (Ni*") in which metal cat-
ions are tetrahedrally coordinated with oxygen anions and
16 B-sites (Cr’ ") which possess the octahedral coordination.
On the contrary, in the inverse spinel, half of the B ions
(Cr’") enter the fourfold coordination with the consequent
migration of A ions (Ni’") to the octahedral sites. Unfortu-
nately, the structure type of as-prepared NiCr,O, can not be
determined just by XRD. However, this problem can be
solved if a more precise examination is considered.

3.4. FT-IR analysis

Infrared spectra are of great importance in resolving the
problem of order/disorder in the spinel structure which is
closely related with the emissivity. Based on the fac-
tor-group analysis, the group theory predicts that in the cu-
bic spinel, four infrared active vibrations should be present
[12]. Two intense bands are at 600-400 cm ', the other two
are at low frequencies of 300-200 cm™, but the latter are
generally difficult to record. Both the normal and inverse
spinels have the same absorption bands. Fig. 3 shows the in-
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Fig. 3. Infrared spectrogram of samples baked at different temperatures: (a) wavenumber at 4000-400 cm™; (b) wavenumber at

1000-400 cm ™.



176

frared spectrum of spray-drying powders after being treated
at different baking temperatures in the range of 4000-400
cm . As shown in Fig 3(a), when the baking temperature is
500°C, several spectrum bands of metal oxides appear, and
there are no characteristic bands of NiCr,O4 spinel. The
peak at 470 cm ' in Fig. 3(b) is undoubtedly assigned to the
Ni-O stretching as reported in Refs. [13-14]. The weak
peaks at 3455 cm ' and 1641 cm 'in Fig. 3(a) are assigned
to the O-H stretching and bending vibration belonging to
the adsorbed water, respectively [15]. The peak at 536 cm™
in Fig. 3(b) is ascribed to Cr—O vibrations [16]. When the
synthesis temperature is up to 1000°C, two bands emerge at
595 cm™ and 401 cm™ in Fig 3(b). They are attributed to
two kinds of [CrOq4] octahedral Cr—O—Cr non-symmetric
stretching vibration bands [17]. These two strong absorption
bands are typical of inverse spinel structure. But recently, it
tends to be accepted that the complex vibration of the entire
lattice is atomic displacement which contributes to the in-
frared spectra of spinel phases. Moreover, the absorption
bands vary considerably with the compound, and this de-
pends on the mass, charge, and chemical property of ions.
To sum up, the mechanism of absorption bands is under
controversy. Nevertheless, it can be concluded that spinel
structure is partially formed at 900°C, but there is still a
great amount of Cr,O; which is consistent with XRD results.

3.5. Particle morphology analysis

Powder morphology and characteristics have significant
effect on the thermal spraying. They can influence the coat-
ing characteristic through the microstructure. Three kinds of
samples with different particle sizes (120-280 mesh,
280-400 mesh, and over 400 mesh) were achieved using a
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sifter and recorded as A, B, and C in sequence. Table 4
shows the character parameters of samples with different
particle sizes.

Table 4. Character parameters of samples with different par-
ticle sizes

Sample A B C
Average size / pm 15.46 14.48 12.94
Specific area / (m*g™) 0.1683 0.2266 0.2419
Max. size / pm 38.97 31.23 26.12
Min. size / pm 3.49 3.38 3.28

Fig. 4 shows the typical SEM images of sample C. It can
be seen that the spray-drying powders mainly consist of ap-
proximately spherical grains with the diameter range of
10-50 um, and no agglomeration is found. Partially, there
are lots of holes in the spherical grains, and the surface is
very rough, as shown in Fig. 4(b). The spherical particles
cause the low inter-particle friction and lead to the excellent
flow ability. In comparison with the traditional powders, the
spherical powders have many advantages, such as good flow
ability, uniform composition, and morphology. For the
plasma spraying process in particular, it can maintain the
plasma stream with a steady speed, which is very useful for
melting and deposition efficiently. Yu ez al. [18] proposed a
theoretical model to interpret the effect of porosity on emis-
sivity. According to the results, a high porosity in the coat-
ing is helpful for a high emissivity. As for the influence of
roughness on emissivity, the increase of roughness is sure to
increase the emissivity in the intermediate region. From
above, spray drying is an effective tool to fabricate the in-
frared radiation powders.

Fig. 4. SEM images of sample C: (a) low magnification; (b) high magnification.

3.6. Emissivity performance

Infrared emission is a primary concern for energy con-
servation among the radiative properties. For solid powders,
the emissivity is determined by many factors, such as
chemical composition, crystal structure, and chemical bond

ing characteristics. Fig. 5 gives the total emissivity of sam-
ples baked at different temperatures with the size of sample
C. As shown in Fig. 5, the powder emissivity has a maxi-
mum value of ~0.90, indicating that NiCr,O, has a larger
emissivity than NiO (0.89) and Cr,O3 (0.83). Thus, the
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Fig. 5. Relationship between emissivity and baking tempera-
ture of sample C.

emissivity is the smallest without NiCr,O, spinel formation
at low temperature (i.e. 500°C). However, with the increase
of baking temperature, the emissivity of the sample in-
creases firstly, then decreases after 1000°C lightly.

The powder emissivity is determined by many factors as
above. These factors play a complex and flexible role in in-
fluencing the emissivity. For example, composite materials
can improve the emissivity. At the baking temperature of
900°C, the sample is the mixture of NiCr,O, NiO, and
Cr,0; with a minimum content of spinel, while the sample
is in shortage of NiO at 1200°C, and has a lower content of
Cr,0; with a maximum content of spinel. Even though the
sample at 1200°C has more NiCr,O, than the sample at
1000°C, the emissivity declines on the contrary due to the
shortage of NiO. Accordingly, the highest content of
NiCr,04 at 1200°C may not mean the highest emissivity.
Nevertheless, it still can prove that NiCr,O, powders with
spinel structure have a high emissivity of about 0.91, proba-
bly higher than that of Cr,O; or NiO as presumed. Consid-
ering the stability at high temperature, it can predict that
NiCr,0,4 with spinel structure has a wide application pros-
pect. Furthermore, other spinel compounds probably also
have a high emissivity due to their spinel structure. As for
the influence of particle size on emissivity, the experimental
results indicate that particle size influences the emissivity
slightly, as shown in Table 5.

Table S. Emissivity of samples baked at 1000°C with different
sizes

Sample A B C
Emissivity 0.882 0.890 0.896

The quantum theory shows that the radiation emission is
the interaction result of molecular transition dipoles and os-

cillating electric fields essentially, which is related with the
vibration of crystal structure. The stronger the lattice vibra-
tion is, the greater the emissivity will be. Doping is an effec-
tive way to improve the lattice vibration. Using Mn>" and
Fe*" ions instead of Ni*" and Cr’" ions in the spinel struc-
ture properly increases the anharmonicity of lattice vibration,
which results in the improvement of infrared radiation prop-
erties. Another consequence caused by dopants is the crystal
distortion due to the different ion radii. When Mn®" and
Fe’" ions are incorporated into the spinel structure, the order
degree of Ni/Cr in the crystal structure decreases due to the
different radii, as a result, leading to crystal structure distor-
tion. The substitution of Ni*" cations can lead to a signifi-
cant modification of the NiO, tetrahedron, which is simply
shown by the variation of Ni—O bond length. This decreases
the symmetry of lattice vibration in turn, and enhances the
effects of the anharmonic vibration of polar lattices, coupled
action of phonons, and phonon combination radiation.
Therefore, the emissivity should be enhanced by doping
MnO, and Fe,0s.

4. Conclusion

High emissivity NiCr,O4 powders with a spinel structure
were fabricated by a spray-drying method. From thermal
analysis, an appropriate baking temperature range of
900-1200°C is necessary for the process. Spray-drying is a
suitable method to fabricate the high emissivity ceramic
powders, because the powders generally have the rough and
porous surfaces. The high emissivity about 0.91 is mainly
attributed to the spinel structure, which is very useful for the
application at high temperature. Furthermore, the emissivity
is affected by many factors, such as chemical composition,
crystal structure, and chemical bonding characteristics. In
sum, the further work will be required to find the relation-
ship between emissivity and microstructure for NiCr,O,4
spinel.
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