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ABSTRACT 

The present paper reports on the measurement of coating adhesion with Inconel 718 as a function of substrate temperature in 
order to qualify the coatings for application in nuclear vitrification furnace.  In the present study, the scratch indentation has been 
used to determine the critical loads and the friction coefficient offered by the coatings as a function of the substrate temperature. 
It is noticed that as the substrate temperature increases from 673 to 973 K, the critical load also increases from 2.5 N to 6.1 N, 
while the friction coefficient remains almost constant.  Initially at lower loads, nested micro cracks which form in the coating 
open in the direction of the scratch track. As the scratch length increases with increasing load, the tensile cracking of YSZ gets 
transformed to conformal cracking. For the coatings deposited at higher temperature, chipping formation gets reduced as a 
consequence of improved adhesion of the coating with the substrate. This coating with an improved adhesion finds its application 
as diffusion barrier coating in nuclear vitrification furnace. This will reduce the faster degradation or premature failure of the 
components of vitrification furnace made up of Ni based super alloy. The use of YSZ diffusion barrier coating increases the 
durability and efficiency of the component. Copyright © 2016 VBRI Press. 
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Introduction  

Degradation or failure of the components of vitrification 
furnace is considered as a serious issue in the mobilization 
of high level nuclear waste (HLW). For proper conditioning 
of the HLW, vitrification is the most appropriate process, 
because it produces a suitable borosilicate waste glass 
matrix, which will act as a host to fix the radioactive waste 

into its basic network of silicon and boron oxides [1-3]. 
The matrix has been reported to serve for longer duration 

of 10
4 

- 10
6 

years in mobilizing the nuclear waste [1, 2]. 
The vitrification process is carried out in a melter pot which 
is made up of nickel based superalloy. However, there is an 
elemental exchange of Ni and Cr from superalloy to 
borosilicate glass matrix. This leads to chromium 
deficiency and causes severe blistering at the metal surface 

of the melter pot [4, 5]. 
To avoid this, yttria stabilized zirconia (YSZ) with  

10 mol% yttria has been recommended as a diffusion 
barrier coating since it has excellent stability over wide 
range of temperature and lesser tendency to phase 

transformation [6, 7]. The advantages of this technology 
when considering the nuclear waste is recognized in several 
aspects such as stability and durability, volume reduction, 
cost effectiveness, ability to process a variety of waste 

types, potential reuse of the waste glass etc. [8, 9]. In the 

present work, electron beam evaporation technique is 
selected over the other physical methods, because it 
provides thicker coatings of reduced porosity, low surface 
roughness and uniform thickness under appropriate 
deposition parameters.  Since the thermal expansion 
coefficient of YSZ is lower than that of super alloy, it is 
important to investigate the adhesion properties of the YSZ 
coatings on Inconel substrates. The objective of the present 
work reports a systematic investigation of the scratch tests 
conducted on the YSZ (with 10 mol% yttria) deposited on 
Inconel 718 at various substrate temperatures by electron 
beam evaporation. The effect of substrate temperature on 
the microstructural, morphological and adhesion property 
of coatings have been studied. Different types of failure 
modes observed with increasing load of the indenter were 
primarily investigated in the present work to know well 
about the adhesion behavior of YSZ coating with Inconel 
718 substrate.  
     

Experimental 
 
Materials and methods 

YSZ thin coatings were deposited on Inconel 718, a nickel 

based super alloy at various substrate temperature by 

electron beam evaporation technique.10 mol% of yttria was 
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used with zirconia in the present work because of the 

stabilization of the cubic phase of zirconia at room 

temperature [10, 11]. The pellets were prepared by mixing 

ZrO2 (ITASCO, South Korea 99.7% purity) with 10 mol% 

yttria (Sigma- Aldrich, Germany, 99.9% purity) powders. 

Using mortar and pestle, the powders were ground finely 

and made as a pellet using a pelletizer. The pellets were 

sintered at 1673K for 5 hours. The sintered density of the 

pellet was found by measuring the weight and volume 

shrinkage before and after sintering the pellet and it is 

found to be 4.40 g/cm
3
. 

 
Table 1: Composition of the alloy Inconel 718 (in wt.%). 
 

 

C 

 

Si 

 

Mn 

 

P 

 

S 

 

Cr 

 

Mo 

 

Cu 

 

Fe 

 

Nb 

 

Al 

 

Ti 

 

Ni 

 

0.08 

 

0.35 

 

0.35 

 

0.015 

 

0.015 

 

17-21 

 

3.3 

 

0.30 

 

Balance 

 

5.5 

 

0.3 

 

1.15 

 

55 

 
 

 

Before deposition, Inconel 718 substrates of size  

10 mm x 10mm x 3mm were metallographically prepared 

using successive grades of SiC paper, followed by diamond 

suspension. The composition of Inconel 718 is shown in 

Table 1. The substrates were ultrasonically cleaned in a 

sequence of soap water, distilled water, acetone and 

ethanol. Finally, the substrates were dried and mounted 

onto the substrate holder. The distance between the target 

and substrate was kept at 220 mm. When the vacuum inside 

the chamber was 1x10
-6 

mbar with the help of rotary and 

turbo molecular pump, the focused high energy electron 

beams from the tungsten filament were directed to the 

graphite crucible where YSZ pellet was used as evaporating 

source. The accelerating voltage and filament current were 

fixed at 8 kV and 90 mA to produce 720 Watts of power in 

order to achieve the uniform coating. When the beam was 

applied onto the YSZ pellet, it melted locally and 

evaporated inside the chamber due to vacuum. These 

dissociated species were condensed onto the surface of the 

substrates to form YSZ films. Since the substrate 

temperature is an important factor that determines the 

crystallite size and roughness of coatings [12], it was varied 

in the substrate temperature range 673-973 K.  

Characterization 

The structural properties of the as deposited YSZ coatings 
were characterized by using Rigaku, X-Ray diffractometer. 
The crystallite size was determined using Scherrer’s 

formula [13], 
 

                                                 (1) 

where, λ is wavelength of the X-rays used, k is the 
correction factor, θ is the diffraction angle, B is the full 
width at half maximum (FWHM) of film, and b is the 
FWHM of the instrumental broadening. The instrumental 
broadening was corrected using standard silicon powder. 
Texture coefficients (Tc) of (1 1 1) and (2 2 0) reflections 
were determined from the intensities of YSZ peaks. In 
general, the texture coefficient Tc for any reflection can be 

determined using the following relation [13], 

 
  
                           (2)  
    
 

where, n is the number of peaks; Im is the measured peak 
intensities of reflections of YSZ films; and Io is the 
respective peak intensities corresponding to the bulk YSZ 
data. The surface morphology of YSZ coatings were 
analyzed using NTEGRA PRIMA (Modular Mode, Ireland) 
Atomic Force Microscopy (AFM) in the semi-contact 
mode. The adhesion property of the deposited YSZ coating 
was characterized by using Revtest (M/s. 
CSM, Switzerland) with a Rockwell diamond tip of 100µm 
radius and scratched on the surface of the coating with a 
progressive load starting from 1N to 10N along the scratch 
length of 3 mm with a speed of 3 mm/min. Surface 
morphology of the scratch tested samples were analyzed in 
a Carl Zeiss (SUPRA-55, Germany) field emission 
scanning electron microscope (FESEM) operated at 30 kV.  
 

Results and discussion 

Microstructure 

 
 
Fig. 1. XRD patterns of YSZ coatings deposited   by EBPVD on Inconel 
718 at various substrate temperatures.   

  
Since a severe cracking and peeling of the coating from 

the substrates was noticed for the coatings carried out at 
temperatures less than 673K, the results obtained on the 
coatings deposited at temperatures greater than and equal to 

673 K are reported in the following section. Fig. 1 reveals 
that the peaks at angles of 29°, 34.6°, 49.9°, 59.3°, 62.4°,   
and 73°  ( 2θ) corresponds to the reflection of planes (111), 
(200), (220), (311), (222),  and (400) respectively, 
indicating formation of  YSZ only in cubic phase [JCPDS 
file No. 30-1468] and it is polycrystalline in nature          

[14, 15]. To form a high crystalline coating, adequate 
substrate temperature has been found to be necessary. 
Crystallite size and lattice strain values of the coating were 
calculated using Scherer formula by eliminating the 
instrumental broadening of the peaks. At lower substrate 
temperature, the deposited atoms get condensed randomly 
on selective places and starts increasing the crystallite size 

instead of migrating to the neighboring crystallite (Fig. 2). 
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Therefore, as the substrate temperature increases, the 
crystallite size also increases due to the mobility of adatoms 

[16]. The lattice parameters were calculated from “Unit 
Cell Program” and are found to be in the range from 5.15 to 

5.16 Å (Table 2). With the increasing substrate 
temperature, this is slightly higher than that of bulk YSZ 

indicating the presence of tensile stress [17]. At lower 
substrate temperature of 673 K, the coatings are less 
crystalline with (111) preferred orientation. When 
temperature increases from 673 K to 973 K, the preferred 
orientation changes from (111) to (220) due to the 
migration of adatoms on the surface of the substrate to find 
their lowest energy position. This change in preferred 
orientation can be qualitatively determined from the texture 

coefficient of a particular plane [18].   From Table 2 it is 
clear that as the substrate temperature increases, the texture 
coefficient of (220) increases, while that of (111) decreases. 

 

 
 

Fig. 2. (a) Crystallite size, (b) Lattice strain and (c) Texture coefficient of 
(111) and (220) planes of YSZ coatings deposited at various substrate 
temperature. 

 

Table 2.   XRD Analysis of the crystallite size, lattice strain and texture 
coefficient of YSZ coatings deposited at various substrate temperatures. 

 
Substrate 

temperature 

(K) 

Crystallite 

size (nm) 

(111) 

Crystallite 

size (nm) 

(220) 

Lattice 

strain 

(111)(%) 

Lattice 

strain 

(220)(%) 

Lattice 

constant 

Å 

Texture  

coefficient 

(111) 

Texture  

coefficient 

(220) 

673 12.1 9.3 1.225 0.947 5.1685 2.2275 0.5316 

773 15.8 13.8 0.960 0.652 5.1689 1.9157 0.6190 

873 19.3 17.6 0.804 0.523 5.1610 0.8499 1.2290 

973 20.5 18.5 0.763 0.502 5.1600 0.8964 0.8570 

 
 

 
AFM Analysis 

AFM analysis (Fig. 3) shows the surface topography of the 
YSZ deposited at different substrate temperatures. The 
deposited films exhibit pyramidal shaped crystallites at 
673K and the crystallites tend to assume spherical 
morphology with increasing substrate temperatures. Due to 
higher mobility of adatoms at higher substrate temperature 
(973K), the adatoms tend to get agglomerated. The surface 
roughness also gets increased from 6.1nm to 10.6 nm with 

increasing substrate temperatures [19]. 
 

 
 

Fig. 3. AFM images of YSZ coating deposited at 973K on Inconel 718 
substrate at (a) 673K; (b) 773K; (c) 873K; and (d) 973K. 

 

 
 
Fig. 4. Scratch test of YSZ coating deposited at 973K on Inconel 718 
substrate. 
 

Scratch indentation 

The critical load is found to increase as the substrate 
temperature increases indicating that the coating becomes 

adhesive at the higher substrate temperature [20]. 
Preparation of substrate at the initial stage and handling of 
the substrates - coating after the deposition are the main 
parameters that influence the adhesion of the coating at the 

interface [21]. Since adhesion is a substrate- coating 
interfacial property, and this is the plane of weakness in 
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contrast to the failure of the film. The delamination of the 
coating from the substrate (scratch track) at the interface 

can be clearly seen in FESEM images (Fig. 4) with the help 
of change in atomic contrast. YSZ thin coating appears 
brighter than that of the Inconel 718 substrate due to its 
higher atomic mass.  
 

 

 

 

(a)

(b)

(c)

 
 
Fig. 5. FESEM images of scratch test of YSZ coating deposited at 973K 
on Inconel 718 substrate at (a) 5N; (b) 7N and (c) 9N. 
 

Due to tensile stress, the coating gets separated from the 
substrate by cracking and lifting (buckling) or by separation 
(spallation and chipping) that can be confirmed by FESEM 

image (Fig 5b). Table 3 indicates that the critical load 
increases from 2.25N to 6.1 N when substrate temperature 
increases from 673K to 973K. Nested micro- cracks tend to 
open in the form of semi-circular towards the direction of 
scratching (tensile cracking). As the load increases this 

tensile cracking (Fig 5a) becomes conformal cracking (Fig 

5c) within the scratch track [22]. 
 

Table 3. The critical loads and coefficient of friction of YSZ coatings on 

Inconel 718 at various substrate temperatures. 
 

 

Temperature 

(K) 

Critical load 1 

 (Lc1) (N) 

Critical load 2 

(Lc2) (N) 

Coefficient of friction 

(COF) 

673 2.5 4.0 0.04 

773 3.0 3.8 0.06 

873 5.5 6.1 0.05 

993 4.9 5.5 0.04  
 

At the sides of the scratch tracks, chipping formation 
occurs as the rounded regions of coating get removed from 
the substrate that extends laterally from the edges of the 
scratch groove. As load increases, chipping formation 
reduces due to the increased hardness obtained in YSZ at 
higher substrate temperature of 973K and the film becomes 
more adhesive at the substrate- coating interface.  
 

Conclusion  

The YSZ coatings on Inconel 718 were prepared by using 
electron beam evaporation at various substrate temperatures 
in the range 673-973 K. The XRD study confirms that the 
polycrystalline YSZ coatings form at temperatures ≥ 673K 
and the crystallinity increases with increasing deposition 
temperature. In addition, as the substrate temperature 
increases, the preferred orientation also changes from (111) 
to (220) plane. The AFM study shows that when the 
substrate temperature increases from 673K to 973K, there 
is an increase in the crystallite size in accordance with XRD 
analysis. As a consequence, the roughness of the coating 
increases from 6.1nm to 10.6 nm. The scratch test analysis 
shows that the critical load increases from 2.25 N to 6.1 N 
when substrate temperature increases from 673K to 973K.   
It is observed that the adhesion of YSZ coating is better 
with Inconel 718 at higher deposition temperature and 
could promote better durability   because of atomic mixing 
at the interface. With this valuable advantages, the YSZ 
coatings can be suitable not only for diffusion barrier 
applications in vitrification furnace but also as a  top  coat 
in thermal barrier coatings applied to turbine blades  and as 
biocompatible material for artificial teeth. It must also be 
mentioned that YSZ coating has been strongly 
recommended   as electrolyte material for Solid Oxide Fuel 
Cells (SOFCs). 

 
Acknowledgements 

The authors are thankful to Dr. Jeppiaar, Chancellor, Sathyabama 
University for his encouragement and support. Authors also thank BRNS 
(2013/37P/65/BRNS) for the funding of this research work. 

 
References 

1. Sengupta, P; J. Nucl. Mater. 2011, 411, 181. 

 DOI: 10.1016/j.jnucmat.2011.01.122 

2. J.Weber.; W.; Navrotsky.; A.; Stefanovsky.; S.; R. Vance.; E.; 

Vernaz.; E;  J. MRS BULL., 2009, 34, 46. 

 DOI: 10.1557/mrs2009.12 

3. Sengupta, P; Mittra, J.; Kale, G. B.; J. Nucl. Mater., 2006, 350, 66. 

 DOI: 10.1016/j.jnucmat.2005.11.012 
4. Ian Donald, W.; Waste Immobilization in Glass and Ceramic Based 

Hosts; Wiley: USA, 2010. 

 ISBN: 978-1-4443-1937-8 

http://www.sciencedirect.com/science/article/pii/S0022311511001723
https://www.researchgate.net/publication/259404012_Materials_Science_of_High-Level_Nuclear_Waste_Immobilization
http://www.sciencedirect.com/science/article/pii/S0022311505005234
http://as.wiley.com/WileyCDA/WileyTitle/productCd-144431937X.html


 

  Dharini et al. 

 
 
Adv. Mater. Lett. 2016, 7(10), 826-830                                  Copyright © 2016 VBRI Press                                               830 
  
 

5. Yim; Man-Sung.; Murty, K. Linga; J. MIN MET MAT S.; 2000, 52, 
26. 

 DOI: 10.1007/s11837-000-0183-0 

6. Kaushik, C.P.; Mishra, R. K.; Sengupta, P; Amar Kumar.; Das, D.; 

Kale, G.B.; Kanwar Raj.; J. Nucl. Mater. 2006, 358, 129. 

 DOI: 10.1016/j.jnucmat.2006.07.004 
7. Vahid Firouzdor.; Jamieson Brechtl.; Lucas Wilson.; Brandon 

Semerau.; Kumar Sridharan.; Todd Allen, R.; J. Nucl. Mater. 2013, 
1, 268. 

 DOI: 10.1016/j.jnucmat.2013.02.032 
8. Pranesh Sengupta.; Kaushik. C. P.; Dey, G. K.; On a Sustainable 

Future of the Earth’s Natural Resources, 2012, 25.  

 DOI: 10.1007/978-3-642-32917-3_2 

9. Jay N. Meegoda.; A. S. Ezeldin.; Hsai- Yang Fang.; Hilary I. Inyang.; 

J. Prac. Period. Hazard. Toxic Radioact. Waste Manage.; 2003, 7, 
46. 

 DOI: 10.1061/(ASCE) 1090-025X(2003)7:1(46) 
10. Chih-Wei Kuo.; Yun-Hwei Shen.; I-Ming Hung.; Shaw-BingWen.; 

Huey-Er Lee.; Moo-ChinWang.; J. Alloys Compd.; 2009, 472, 186. 

 DOI: 10.1016/j.jallcom.2008.05.027 

11. Mathieu Fèvre.; Alphonse Finel.; Phys. Rev. B., 2005, 72, 104117. 

 DOI: 10.1103/PhysRevB.72.104117 

12. Laukitis. G.; Dudonis. J.; Milcius. D.; J. Thin Solid Films.; 2006, 

515, 678. 

DOI: 10.1016/j.tsf.2005.12.242 
13. Cullity, B.D.; Elements of X- ray diffraction, Addison-Wesley Pub. 

Co: USA, 1956. 

ISBN: 0-201-01174-3 

14. Zhang, S.; Xiao, R.; J. Appl. Phys.; 1998, 83, 3842. 

DOI: 10.1063/1.366615 
15. Kamalan Kirubaharan. A.; Kuppusami. P.; Akash Singh.;  Dharini. 

T.; Ramachandran. D.; Mohandas. E.; AIP. Conf. Proc., 2015, 1665. 

DOI: 10.1063/1.4917956 

16. Goswami, A.; Thin coating fundamentals; New Age International: 

1996.  

ISBN: 81-224-0858-3 
17. Xia, X.; Computational Modelling Study of Yttria Stabilized 

Zirconia, Ph.D Thesis, 2010. 
18. Balakrishnan, G; Sairam, T.N.; Reddy, V.R.; Kuppusami, P.; Jung II 

Song.; Mater. Chem. Phys., 2013, 140, 60. 

DOI: 10.1016/j.matchemphys.2013.02.053 

19. Jacobs, R.; Meneve, J.; Dyson, G.; Teer, D.G.; Jennett, N.M.; Harris, 
P.; von Stebut, J.; Comte, C.; Feuchter, P.; Cavaleiro, A.; Ronkainen, 
H.; Holmberg, K.; Beck, U.; Reiners, G.; Ingelbrechti, C.D.;  Surf. 

Coat. Technol., 2003, 174, 1008. 

DOI: 10.1016/S0257-8972Ž03.00470-5 
20. Akash Singh.; Kuppusami, P.; Thirumurugesan, R.; Ramaseshan, R.; 

Kamruddin, M.; Dash, S.; Ganesan, V.; Mohandas, E.;  Appl. Surf. 

Sci., 2011, 257, 9909. 

DOI: 10.1016/j.apsusc.2011.06.106 

21. Pulker, H.K.; Berry, A.J.; Berger, R.; Surf. Tech., 1981, 14, 25. 

DOI: 10.1016/0376-4583(81)90005-4              

22. Bull, S. J.; TRIBOL INT, 1997, 30, 491. 

DOI: 10.1016/S0301-679X (97)00012-1 
 

 

http://link.springer.com/article/10.1007%2Fs11837-000-0183-0
http://www.sciencedirect.com/science/article/pii/S0022311506003977
http://www.sciencedirect.com/science/article/pii/S0022311513004388
http://www.sciencedirect.com/science/article/pii/S0022311513004388
http://link.springer.com/chapter/10.1007%2F978-3-642-32917-3_2
https://www.researchgate.net/publication/247479734_Waste_Immobilization_Technologies
http://www.sciencedirect.com/science/article/pii/S0925838808007986
http://journals.aps.org/prb/abstract/10.1103/PhysRevB.72.104117
https://www.researchgate.net/publication/229364110_YSZ_Thin_Films_Deposited_by_E-beam_Technique
https://books.google.co.in/books?id=Z-98pwAACAAJ&dq=Cullity,+B.D.;+Elements+of+X-+ray+diffraction,&hl=en&sa=X&ved=0ahUKEwiq6tnf-drKAhWSkI4KHR6KBVYQ6AEILzAB
http://scitation.aip.org/content/aip/journal/jap/83/7/10.1063/1.366615
http://scitation.aip.org/search?value1=A.+Kamalan+Kirubaharan&option1=author&option912=resultCategory&value912=ResearchPublicationContent
http://scitation.aip.org/search?value1=P.+Kuppusami&option1=author&option912=resultCategory&value912=ResearchPublicationContent
http://scitation.aip.org/search?value1=Akash+Singh&option1=author&option912=resultCategory&value912=ResearchPublicationContent
http://scitation.aip.org/search?value1=T.+Dharini&option1=author&option912=resultCategory&value912=ResearchPublicationContent
http://scitation.aip.org/search?value1=D.+Ramachandran&option1=author&option912=resultCategory&value912=ResearchPublicationContent
http://scitation.aip.org/search?value1=E.+Mohandas&option1=author&option912=resultCategory&value912=ResearchPublicationContent
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4917956
https://books.google.co.in/books?id=K0e-8Nh9zSYC&printsec=frontcover&dq=Goswami,+A.;+Thin+coating+fundamentals;+New+Age+International:,+1996&hl=en&sa=X&ved=0ahUKEwjl67-f-drKAhWOBI4KHbAICmcQ6AEIIjAB#v=onepage&q=Goswami%2C%20A.%3B%20Thin%20coating%20fundamentals%3B%20New%20Age%20International%3A%2C%201996&f=false
http://www.sciencedirect.com/science/article/pii/S0254058413001922
http://www.sciencedirect.com/science/article/pii/S0257897203004705
http://www.sciencedirect.com/science/article/pii/S0169433211009822
http://www.sciencedirect.com/science/article/pii/0376458381900054
http://www.sciencedirect.com/science/article/pii/0376458381900054
http://www.sciencedirect.com/science/article/pii/S0301679X97000121

