
425

Received : 21 March 2016, Revised : 05 May 2016 
Accepted : 11 June 2016, Online published : 28 June 2016

1. IntroductIon
The emissivity of a material (usually denoted as ε or e) is 

the relative ability of its surface to emit energy by radiation. 
When heat  radiation  falls  on  a body,  it  is  partially  reflected, 
partially transmitted and partially absorbed by the body. If the 
fraction of energy reflected, transmitted and absorbed are R, T 
and A respectively, then following the principle of conservation 
of energy, A+R+T=1. A blackbody completely absorbs all 
radiation incidents upon it, and at the same time it emits all the 
energy that it absorbs with the same absorbing spectrum. Thus 
its emissivity is equal to 1. Higher emissivity corresponds to 
an increase in thermal efficiency. Thermal protection systems 
(TPS) is an integral part in hypersonic and reentry vehicles for 
which emissivity is an important parameter. In particular, the 
TPS must be able to avoid heat goes deep into the vehicle, 
so as  to keep  structure  safe  from  the high heat fluxes  raised 
by the aerodynamic heating, so that material properties do not 
decay because of strains. The metal thermal protection systems 
(MTPS) are often made of Ni-, Fe-, Co-based alloys, and the 
surface of Ni, Fe, and Co based alloys used in MTPS involve 
high frictional heating which can cause surface temperature 
to rise up to 1000 °C during the flight. Such large heating is 
undesirable because it can degrade the performance of MTPS1,2. 
To avoid surface heating, a high emissivity coating is applied 
on MTPS so that heat from the surface can be radiated out 
during flight3. 

 Apart from that, high emissivity coatings are widely used 
in many other high temperature applications to effectively 
transfer the heat by radiation. Increasing demand for energy 

and rising energy costs throughout the world has inevitably 
increased the need for energy users to save or conserve energy, 
particularly among industrial entities. In many instances, 
industries that use fired heaters or furnaces, such as refineries 
and  petrochemical  complexes,  have  attempted  to  maximize 
fired heater efficiency to thereby reduce fuel consumption. High 
emissivity coating technology has become a proven means for 
various high temperature applications to effectively increase 
radiant heat transfer and save energy without compromising 
process  reliability  and  safe  operation.  Specifically,  ceramic 
coatings with high emissivity are applied to the interior of a 
furnace to improve the efficiency of the furnace which results 
in energy savings of about 5 per cent - 20 per cent depending 
on working conditions4-6.

Since, loss of effectiveness of these coatings usually occurs 
as a result of oxidising of the emissivity compound with time, 
for complete thermal protection of reusable space vehicles, 
oxidation resistance is required in addition to high emissivity. 
Advanced metallic TPS utilises a honeycomb structure with 
thin face sheets that are coated to provide high emissivity, 
oxidation  protection,  and  low  catalytic  efficiency.  Generally 
the formulation of a high emissivity composition is attained 
by mixing a refractory material, a binder and high emissivity 
additives  which  include  typically  a  transition  metal  oxide 
such as chromium oxide (Cr2O3), cobalt oxide (CoOx), ferrous 
oxide  (Fe2O3),  and  nickel  oxide  (NiO)

7. A high emissivity 
coating material composed of carbon was also reported in the 
literature4. Rare earth oxides such as cerium oxide and terbium 
oxide are also known to be high emissivity agents for industrial 
applications at very high temperatures8. Emissivity coatings 
using TiC, TiC-Al2O3-TiO2, ZrB2, ZrB2-MoSi2 on the niobium 
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and molybdenum substrates have been reported9. Reported 
emissivity values for TiC, ZrB2, and ZrC coatings are: TiC 
(0.65 to 0.72), ZrB2 (0.45 to 0.80), and ZrC (0.45 to 0.80) 
after annealing at 1100 °C temperature9. The emissivity value 
reported for Cr2O3 coating is very high (0.9), but after annealing 
at 1100 °C decreases to (0.58-0.78) due to the volatilisation of 
the coating10. Recently, the metastable amorphous compound 
AlPO4 has been reported for high emissivity applications11. 
This  compound  has  low  oxygen  diffusivity  and  no  phase 
transformation at elevated temperatures11-12.

Overall, application of thermal protection coating is 
essential to protect space vehicles from high temperature and 
ablation  of  hypervelocity  particles  as maximum  as  possible. 
Moreover, the applied thermal protection coating must provide 
good  oxidation  resistance  for  improving  the  performance 
and longevity of the applied coating. Deposition of thermal 
protection  coating  can  be  executed  by  various  techniques 
like arc evaporation13,  micro  arc  oxidation14-15, plasma 
spray16, physical vapor deposition17, electron beam physical 
vapor deposition18, electrodeposition19, pack cementation20 
etc. Deposition of chemical solution on the substrate by dip 
coating or spray coating followed by curing to develop the 
coating involves simple processing methodology and allows 
the deposition of uniform coating over a large area21-23.

In the present communication, we report the development 
of emissivity coating on Ni- based super alloy: Nimonic 75 
and C-263, which have numerous aerospace applications since 
the alloy is lighter and having improved mechanical properties. 
The development of emissivity coating on these substrates was 
performed by dip coating as well as by spray coating techniques. 
Spray coating could be successfully employed to coat larger 
substrates of any size and has significant improvement over the 
dip coating technique. Thus, development of high emissivity 
and oxidation  resistant  coating on  larger  substrates  by  spray 
coating technique has direct implication in the industrial use 
of emissivity coating as thermal protection coating and in the 
metallic TPS in the space vehicles.

2. ExPErImEntAlS
2.1 Substrate materials

Ni-base super alloy: Nimonic 75 and C-263 have been 
used as the substrate materials. The nominal composition 
(wt %) of Nimonic 75 is 25Cr–5Fe–1Mn–1Si–68Ni and the 
composition for C-263 is Cr: 19-21%, CO: 19-21%, Mo: 5-6%, 
Ti: 2.0-2.5%, Fe: 0.7%, B: 0.6%, Mn: 0.4%, Si: 0.4%, Cu: 
0.2%, and Ni: 45-50%. Materials were available in the form 
of 1.5 mm sheets. Samples of sizes 2 cm x 1 cm were cut from 
these sheets. The surfaces of the substrates were roughened 
by  grit  blasting  using  zircon  sand.  Subsequently,  they  were 
subjected to cleaning in trichloro ethylene, hydrogen peroxide 
and acetone in that order. The cleaning with each chemical was 
performed in an ultrasonic cleaner.

2.2 chemical Synthesis of the Aluminum Phosphate 
Sol
Aluminum phosphate sol was prepared from aluminum 

nitrate [Al(NO3)3.9H2O]  and  phosphorous  pentoxide  (P2O5) 
precursors. The details of which have been communicated in 

our earlier communication23. The synthesised sol was exposed 
to microwave for 5 min and diluted in ethanol before deposition 
of coating on C-263 substrate. 

2.3 deposition of coating
For dip coating, grit blasted and cleaned substrates were 

immersed into the sol at a constant speed of 50 mm/min and 
allowed to remain in the sol for a minute. It was then withdrawn 
from the sol at a constant speed of 50 mm/min. In the process, 
a layer of coating gets deposited on the substrate. After 
withdrawal the excess liquid was drained out from the surface 
under gravity and the solvent evaporated leaving behind the 
coating layers. The dipping and withdrawal of the substrates 
were performed using a computer interfaced programmable 
dip coater. The coated substrates were allowed to dry for 10 
min in an oven at 120 °C. The dried substrates were then cured 
at 800 °C in a furnace in air. For achieving higher thickness, 
the coating steps were repeated after each curing. In such case, 
the first curing was done at a lower temperature of 500 °C. 

For spray coating on larger substrates, aluminum phosphate 
sol was sprayed to the grit blasted and cleaned substrates using 
a commercially available sprayer (DeVil Biss, uK, model No. 
-112GX) followed by their drying and curing.

2.4  Emissivity measurement
Emissivity of the coated surface was measured using 

Bruker Vertex 80 V spectrophotometer equipped with external 
emissivity chamber in the wavelength range of 2.5 µm - 25 
µm using a black body standard. The instrument measures the 
reflectivity  from  which  emissivity  was  calculated  following 
Kirchoff’s law of heat transfer by radition; Emissivity = 
absorbivity = 1- reflectivity.

2.6 cyclic oxidation Study
The uncoated and coated substrates were subjected to 

cyclic oxidation at 800 °C and 1000 °C for 100 h in air using a 
box furnace. These temperatures were chosen keeping in mind 
the high-temperature applications of the emissivity coating. 
Specimens were cleaned and weighed using a precision balance 
before oxidation. The specimens were taken out of the furnace 
after each cycle which corresponds  to 10 h of oxidation and 
cooled to room temperature. After recording their weights, the 
specimens were put back into the furnace. This procedure was 
repeated until the completion of 100 h.

2.7 Structural characterisation
X-ray diffraction (XRD) with CuKα radiation was utilised 

for identification of phases in the coating and the oxide layer. 
Thermal analyses of the dried powder were performed using 
a  TG-DTA  analyzer  (TA  Instruments,  SDT  2960)  between 
30 °C and 1000 °C with a heating rate of 10 °C min-1 in air. 
Carbon analysis of the coating material was performed using 
a  LECO  gas  analyzer  (model  No.  CS444,  LECO,  USA). 
The powder samples for TEM observation were prepared by 
dispersing the powder in methanol and adding a few drops 
of the suspension on carbon coated TEM grid. A FEI Tecnai 
20T TEM was used for observation. The morphology of the 
coating  surface  before  and  after  oxidation was  characterised 
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by using a scanning electron microscope (SEM) (ZEISS, UK, 
model: EVO-18). The SEM was also used for observing the 
cross-sectional microstructure of the coatings. To determine 
the coating thickness the coated substrates were sectioned and 
the sectioned surface was examined by SEm after polishing by 
standard metallographic technique. The coated substrates were 
sectioned by mechanical cutter (Isomet-1000) followed by gold 
sputtering, Ni plating, mounting and standard metallographic 
polishing as shown in Fig. 1. The presence of elemental C, Al, 
P, and O were detected with the help of X-ray photoelectron 
spectroscopy (XPS) measurements with a KRATOS AXIS HS 
spectrometer (using Al KR radiation). The C 1s (binding energy 
285 eV) peak was considered as a reference line for calibration 
of the energy scale. 

was found to be ~5 weight %. The presence of carbon was also 
confirmed by Raman spectroscopy. Raman spectroscopy was 
performed on AlPO4-C composite powder calcined at 500 °C – 
900 °C in air and it was observed that all the calcined samples 
showed peaks for carbon in Raman spectra. Figure 3 (a) and 
(b) show the Raman spectra of the AlPO4-C composite powder 
calcined at 700 °C and 900 °C, respectively. The peaks at 1345 
cm-1 and 1600 cm-1 can be attributed to the presence of carbon 
as reported earlier in literature for graphite by yan Wang24, et 
al. and F. Tuinstra25, et al. The presence of the elements: Al, 
P, O and C in the AlPO4-C composite powder were detected 
by XPS spectroscopy. Figure 4 shows the XPS spectra of 
the composite. The spectra indicates the presence of Al(2p), 
P(2p), C(1s), and O(1s), confirming that the coating material 
is actually a composite comprises of AlPO4 and carbon. It is to 
be noted that the source of carbon is attributed to the alcohol 
used during synthesis of the precursor sol. No carbonaceous 
material other than the alcoholic solvent was added in the 
precursor chemicals. In this composite, the AlPO4  matrix 
is nearly amorphous and retains its amorphous nature up to 
very high temperature and carbon in the matrix was protected 
from the oxidation up to 1000 °C due to extremely low oxygen 
diffusivity in the nearly amorphous AlPO4 based matrix.

Scanning of the 900 °C calcined AlPO4–C composite 
powder  by  SEm  with  very  high  magnification  showed  the 
presence  of  nano  grains  of  hexagonal  carbon  distributed  in 
AlPO4 matrix (Fig. 5(a)). The figure given in the inset revealed 

Figure 1. Schematic diagram for substrate preparation, coating, 
and sample preparation for cross section SEm.

Figure 2. dtA-tGA curves for oven dried powder obtained 
from the precursor sol.

Figure 3. raman spectra of the AlPo4-c composite powder 
calcined at (a) 700 °c and (b) 900 °c.

3.  rESultS And dIScuSSIon
3.1 characterisation of the coating material

The powder obtained after drying of the precursor sol for 
high emissivity coating resulted black powder on calcinations 
at 500 °C - 800 °C in air which comprised AlPO4 matrix and 
graphitised  carbon. Thermo  gravimetric  analysis  (TGA)  and 
differential thermal analysis (DTA) measurements were carried 
out to study the thermal behaviour of the oven-dried powder. 
The respective DTA -TGA curves are as shown in Fig. 2. The 
Fig. 2 shows the DTA and TGA curves of the as-dried powder 
between 25 °C and 1000 °C in air. The TGA shows weight loss 
in three steps. The initial weight loss of the gel in air between 
25 °C and 130 °C is associated with exothermic peak at 85 °C 
and is attributed to the loss of moisture. The appearance of 
a  sharp  exothermic  peak  at  173 °C in DTA, associated with 
sharp  weight  loss  between  130  °C  and  170  °C  in  the  TGA 
curve, is due to the ignition of the precursor powder. Above 
450  °C  there  is  no  further weight  loss  in  the TGA  and  this 
suggests that major portion of the carbonaceous materials burn 
up to 450 °C and the remaining carbonaceous materials in the 
matrix are stable up to 1000 °C in air. The carbon distributed 
in the AlPO4  matrix  imparted  black  color  to  the  composite. 
The concentration of carbon present in the 800 °C calcined 
composite was determined by carbon estimation technique and 
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the matrix is constituted of 2-5 nm sized AlPO4 grains. Figure 
5(b) shows high resolution TEM micrograph of the same 
powder revealing the presence of nano carbon with hexagonal 
symmetry, in the AlPO4 matrix.

3.2 characterisation of the dip coated and Spray 
coated Substrates

3.2.1 Characterisation by SEM and Polarised Light 
Microscopy

High emissivity coating based on amorphous AlPO4-C 
composite was applied on C-263 substrate by dip coating of 
the substrate in the chemical precursor sol followed by curing 
at high temperatures as mentioned in the experimental section. 
The coating, in general, appeared black in colour and showed 
no visual cracking or delamination. The surface morphologies 
of the 5-layer coating were analysed by SEM and are presented 
in Fig. 6(a). The surface of the 5-layer coating shows cracking 
in the thicker deposit layers. This type of cracking has been 
reported in yttrium stabilised zirconia ceramic coating deposited 
on metallic substrate by sol-gel dip coating26. It is believed that 
such cracking is caused due to the uneven shrinkage resulted 
from quick densification of the coating material present in the 

Figure 4. xPS spectra of the AlPo4–c composite powder showing 
the peaks for Al(2p), P(2p), c(1s), and o(1s) at 74.8, 
134, 285, and 532 eV, respectively. 

Figure 5. (a) nanostructure of coating material at very high 
magnification (300000x) (hexagonal graphitised 
carbons distributed in the AlPo4 matrix are indicated 
by arrows) and inset shows nanostructure of the matrix 
at 450000 magnification) and (b) high resolution TEM 
micrograph of the 900 °c calcined AlPo4–c composite 
powder revealing the presence of nano carbon with 
hexagonal symmetry, in the nearly amorphous AlPo4 
matrix.

Figure 6. SEm micrographs of the (a) dip- coated and (b) 
spray-coated c-263 substrates showing the surface 
morphology of the coated substrates.

BINDING  ENERGy  (e.v)

IN
TE

N
SI

Ty
 (

C
PS

)



ROy, et al.: AlPO4-C COmPOSITE COATING ON NI-BASED SUPER ALLOy SUBSTRATES FOR HIGH EmISSIVITy APPLICATIONS

429

thicker layer accompanied by the removal of alcoholic solvents 
during thermal treatment. Since the coating is adhered to the 
substrate and cannot shrink in the direction parallel to the 
substrate surface, it leads to cracking in the coating layers. 

The surface morphology of the spray coated substrate is 
similar to that of the dip coated substrate (Fig. 6(b)). Despite 
the presence of cracks, the coated materials on both the dip 
coated and spray coated substrates were found to be sufficiently 
adherent to the substrates and the coated substrates were easy 
to handle after curing. 

Figure 7(a) shows the digital photographs of the bare and 
dip-coated substrates. Feasibility of applying the high emissivity 
coating  by  spray  coating  technique  was  experimented  by 
spraying the ‘AlPO4- chemical sol’ on larger C-263 substrates 
using commercially available spray gun as stated in the 
experimental  section  followed  by  drying  and  curing.  It  was 
observed that emissivity coating could be successfully applied 
on different grit blasted larger substrates by standard spray 
coating technique. Figure 7(b) shows the digital photographs 
of the coated and cured C-263 substrate of size ~ 30 cm X 20 
cm. Figure 7(c) shows coated and cured honeycomb TPS panel 
of size~ 35 cm x 20 cm made form C-263 alloy plate.

Coating thickness of the dip coated substrates is 
determined by observing the cross-sectional view in SEM (Fig. 
8 (a) and (b)). Whereas, coating thickness of the spray coated 
substrates is determined by observing the cross-sectional view 

Figure 7.  digital photographs of the bare substrate (6 cm x 6 cm) 
and dip-coated substrate by the aluminum phosphate 
chemical sol (b) spray- coated c-263 substrate of size 
~ 30 cm x 25 cm (c) spray-coated c-263 honeycomb 
tPS panel of size ~ 35 cm x 20 cm. 

Figure 8. SEm micrographs of the cross-section of the dip-coated and cured substrates (a) 3- layer dip coating (b) 5- layer dip coating 
and optical micrographs of the cross-section of the spray-coated and cured substrates (c) 3-layer spray-coating and (d) 
5-layer spray-coating showing the coating thickness.

in polarised light microscopy (Fig. 8 (c) and (d)). Thicknesses 
of  the multilayer coatings are  listed  in Table 1. As expected, 
the thickness of the coatings increased with increase in the 
number of layer. It has been observed from the micrographs 
that uniformity in thickness in the dip coated substrates is more 
than that in spray coated substrates. 
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3.2.2 Characterisation of the Dip Coated and Spray 
Coated Substrates for Emissivity

Characterisation of emissivity was performed on the 
coated  substrates  as  mentioned  in  the  experimental  section. 
The instrument measures reflectivity at variable wavelength. 

Absorptivity (α) is material property which describes the 
capability of a material to absorb electromagnetic radiation and 
having a quantitative value between 0 and unity. According to 
Kirchhoff’s second law27 :

 α = ε                                                                               (1) 
where ε is emissivity of the material.

The energy conservation law correlates three different 
optical properties of a material:

 ε +τ + ρ =1                                                        (2)
where  τ  and  ρ  are  the  coefficients  of  transmission  and 
reflection(reflectivity) respectively.

For opaque coatings τ ~0, and hence 
ε =1- ρ                                                                           (3)

i.e. for opaque coatings emissivity=1-reflectivity. 
The results of the emissivity measurements in the 

wavelength range: 2 µm - 25 µm for the dip coated substrates 
are shown in the plotted graphs (Fig. 9(a)). From the graph 
it is observed that distribution of radiative energy over the 
wave length range 2 µm - 25 µm remains almost unchanged 
with the variation of coating thickness. However, decrease in 
fluctuation of emissivity with increasing coating thickness in 
the wave length range 7 µm - 12 µm is observed (Fig. 9(a)). 
Emissivity of the 3-layered and 5-layered coated substrates 
is varying in the range: 0.7-0.9 in the wavelength range: 1-7 
micron and remains around 0.9 for the rest of the wave length: 
7 µm - 25 µm (Fig. 9(a)). The emissivity of the 1-layer coating 
is considerably lower. The average emissivity values for 
1-layer, 3-layer, and 5-layer coatings are calculated by taking 
the average of the emissivity values for the entire wavelength 
range: 2 µm - 25 µm. The calculated average emissivity values 
for the dip coated substrates are given in Table 1. The variation 
of emissivity with wave length for the spray coated substrate is 
similar to that for the dip coated substrates. However, the spray 
coated substrates offered little lower emissivity than the dip 
coated substrates (Fig. 9(b)).

3.3 cyclic oxidation Studies on the coated and 
bare Substrates
High  temperature  oxidation  resistance  of  the  coated 

substrates is an important criterion for their survival in 
actual application. The applied thermal protection coating 

must  provide  good  oxidation  resistance  for  improving  the 
performance and longevity of the space vehicle. In the 
present work, the oxygen diffusivity in the coated material i.e. 
amorphous AlPO4 is  extremely  low  and  the  coating  imparts 
high oxidation  resistance  to  the  substrate  in addition  to high 
emissivity. The oxidation resistance of the coated material was 
checked by heating a coated and bare substrate at 800 °C for 
1 h in air. 

The XRD results of the heat treated coated and bare 
substrates are shown in Fig. 10. XRD of the heat treated bare 
substrate shows the lines of Cr2O3 and MoO3 with considerable 
intensity. The intensity of these lines is much lower in the XRD 
pattern of heat treated coated substrate. The results of these 
experiments  signify  that  amorphous  AlPO4 coating imparts 
considerable oxidation resistance to the substrate. 

To evaluate the oxidation resistance of the coated C-263 
substrates at higher temperatures, cyclic oxidation studies were 
performed. For this purpose the coated and bare substrates 
were exposed to high temperatures for 10 consecutive cycles 
(1  cycles=10  h)  as  stated  in  the  experimental  section.  Since 
the emissivity increased with increasing the number of coating 

Figure 9. Variation of emissivity with wave length of the (a) dip 
coated substrates, and (b) spray coated substrates.

no. of the 
coating layers

thickness of 
the coating 
(µm)

Emissivity 
(ε)

Weight gain of the 
substrate after coating 
and curing (mg/cm2)

1- dip coating 5-7 0.65-0.7 1.2-1.4
3- dip coating 17-23 0.85-0.88 3.4-3.6
5- dip coating 35-42 0.89-0.91 5.5-6.0
3- spray coating 15-22 0.80-0.83 3.2-3.4
5- spray coating 30-40 0.83-0.86 5.0-5.5

table 1. measured emissivity and coating thickness for the 
multilayered dip coated and spray coated substrates.
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layers and gets saturated with 5-layer coating, substrates 
with  5-layer  layer  coating  have  been  evaluated  for  oxidation 
resistance. Figure 11 shows the change in weight of the coated 
and bare C-263 substrates due to oxidation with the exposure 
at 800 °C and 1000 °C in air for different duration. The coated 
substrate showed very low weight change throughout the full 
oxidation  cycling  (100  h)  signifying  minimum  oxidation  of 
the coated substrate (Fig. 11(b) and (d)). In contrast, the bare 
substrate showed substantial weight changes over the whole 
period of cyclic oxidation (11(a) and (c)). moreover, the bare 
substrate underwent spallation multiple number of times  
which  are  reflected  in  the  weight  change  curves  at  both  the 
temperatures (800 °C and 1000 °C). Spallation in any step of 
cyclic oxidation can be characterised by sudden weight loss which 
follows the ‘oxidation- weight gain’ in the previous steps. This 
happens because thick oxide layer resulted from the progressive  
oxidation of the bare substrate gets separated from the parent 
substrate after gaining sufficient weight. From the figure  it  is 
observed that for the bare substrates spallation occurred multiple 
times (3rd, 5th, and 9th cycle in Fig. 11(a); 2nd cycle in Fig. 11(c)) 
during total 100 h of cyclic thermal exposure. 

4.  concluSIon
Aluminum phosphate based  high emissivity coating 

was applied on C-263 substrate by dip coating and spray coating 
technique followed by curing of the green coating. The coating 
material is black in colour and is a composite of AlPO4 and 
carbon. The coating exhibited a reasonably good adhesion with 
the substrate. Presence of carbon  in  the matrix of  the coated 
material was detected by SEM, TEM, and XPS analyses and 
carbon imparted high emissivity to the coating. The amount of 
carbon in the composite was found to be ~ 5 weight per cent. 
The  coating  exhibited  high  emissivity  varying  from  0.6  to 
0.9 in the wave length range: 2 µm - 25 µm depending on the 
thickness of the multilayered coating. Emissivity increased 
with increasing the thickness of the coating. larger substrates 
and TPS panels could be successfully coated by spray coating 
technique. Emissivity offered by the spray coated substrates 
were little lower than that of the dip-coated substrates. Apart 
from high emissivity, coated substrates showed good oxidation 
resistance compared to the bare substrate, in air which was 
confirmed by cyclic oxidation experiment at both 800 °C and 
1000 °C over 100 h of thermal exposure. 
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