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Abstract-Zirconia coatings were prepared via 

sol-gel route and used to coat on the stainless 

steel 316 in order to improve the surface 

properties at high temperature. 

Investigations were carried out on the 

conversion of the zirconia xerogel films into 

crystalline ceramic coatings coated on the 

SS-substrates by means of heat treatment, 

and the resulting samples were characterised 

using fourier transform infrared 

spectroscopy, X-ray diffraction, scanning 

electron microscopy and energy dispersive 

spectroscopy techniques. It was found out 

that the formation of crystalline zirconia 

coatings depends on the heating 

temperature; tetragonal zirconium oxide is 

obtained and significant amount of 

tetragonal zirconium oxide is obtained at 600 

°C and 800 °. 

Keywords-Sol-gel; Zirconia thin films; Stainless 

steel 316; High temperature oxidation resistance. 

I.  INTRODUTION 

The fabrication of ceramic coatings via sol-gel 

method has the advantage that the application of 

these sol-gel coatings onto metal surfaces can 

be conveniently implemented via a number of 

available techniques, giving a powerful tool to 

improve the surface properties and functions. A 

post heat treatment is required for sintering the 

sol-gel coatings in order to obtain the designed 

properties of ceramics.Zirconia is an excellent 

substance and it is classified as one of the most 

preferable ceramic material among the ceramic  

 

 

families for engineering applications due to its 

versatile properties. Zirconium oxide can be 

obtained as powder [1], thin films [2] and 

composite mixed with other materials [3]. 

Zirconium oxide is widely used as superb 

material in the last few decades due to its good 

wear resistance , excellent strength and fracture 

toughness [4]. It is a refractory material with 

high melting point (2,680 °C), and thus, has 

protective functions at high temperatures [5] 

and good mechanical and thermal properties 

[6]. The other improtant characteristics include 

high refractive index [7], corrosion resistance 

[8].  The main types of zirconia-based ceramic 

materials are zirconia-toughened ceramics 

(ZTC), tetragonal zirconia polycrystal (TZP), 

partially-stabilised zirconia (PSZ) and full 

stabilised zirconia (FSZ). The unique properties 

of zirconium oxide made it a preferable 

substance to be utilised in versatile engineering 

applications such as interferometric filter and 

sensors  [8], combustion engines parts  [9], 

specific parts in nuclear and chemical industries 

[10]. Zirconium oxide can be found in three 

different crystal structures including monoclinic 

structure, tetragonal structure and cubic 

structure. These three solid polymorphic 

structurs can be obtained by controlling the 

processing condition. A number of  studies have 

been carried out in order to investigate and 

understand the behaviour of zirconia in terms of 

processing conditions, phase transition of 

zirconia structures and the meterial properties. 

The formation and phase transition of each form 

dependson the heating temperature.                                         
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In this work, zirconia thin films will be 

prepared and the dip-coated on stainless steel 

substrates in order to convert the amorphous 

zirconia coating into crystalline ceramic 

structure. 

 

II. EXPERIMENTAL PROCEDURE 
 

A.Preparation of zirconia Sol-gel coatings 

Zirconia sols were prepared by means of 

conventional sol-gel process using zirconium 

tert-butoxideas the precursor, isopropanol as 

solvent and nitric acide. The procedures of 

preparing zirconia sols took many steps. Several 

sols with different compositions are fabricated 

in order to study the effects of synthetic 

parameters.  

B.Substrate Preparation 

Stainless steel 316 substrates were cut into 

small pieces, the dimensions are 

approximately25×25×3mm and polished 

through different stages to give the surfaces a 

mirror finish. After that the substrates were 

cleaned in chemical solution and then, dried in 

the air. The cleaned substrates were coated with 

the prepared sols within 1 hour after cleaning. 

C.Coating Methods 

Dip coating process is used to deposit the 

zirconia coating onto stainless steel substrate. 

Normally, dip coating process consists of five 

stages, which are immersion, start up, 

deposition, evaporation and drainage. In dip 

coating process the substrate is dipped into the 

zirconia sol and withdrawn at the same speed in 

order to obtain a uniform coating. But, during 

the dip coating process the vibration is very 

important factor because if the vibration is not 

isolated totally it will affect the quality of the 

final coating on the substrate. The main purpose 

to isolate the vibration is to ensure that the 

coating layer is gained the homogeneity of 

thickness at each deposition. If the coating 

needs to be thicker, multiple coating procedure 

is applied to build up suitable coating thickness. 

 

D.Heat treatment 

The zirconia coated samples were first dried at 

room temperature and then heat treated in the 

furnace at different temperaturesfor 1 hour to 

convert the zirconia sol-gel coating into full 

ceramic, i.e. the crystalline zirconia. The 

programmed conventional heating furnace was 

used in order to control the process variables in 

terms of temperature, heating rate and time. 

These variables are important for the 

crystallisation of the zirconia films.                      

E.Characterisation 

The change of the coatings as a function of 

heating temperature was analysed using FT-IR 

spectroscopy (Thermo Electron – Necolet 5700 

FTIR). All samples were measured at same 

sitting; the range of wavenumber for all spectra 

was from 400 to 4000 cm
-1

 at 4 cm
-1

 resolution, 

and averaging 32 scans.                                                

The X-ray diffraction, XRD (Siemens D500) 

with CuKα radiation at 20 mA and 40 kV was 

used to the phase analysis of all samples. The 

range of 2θ was obtained from 20 to 70˚ in step 

size of 0.02˚ and step time 1 s.                                                               

The investigation of the microstructure and 

surface morphology for the heat treated samples 

was obtained by using SEM (Hitachi 3400 N, 

Japan). The energy of the primary electron 

beam was 15 KeV and the working distance 

was 10 mm. The micrographs were obtained 

using secondary electron detector.                                        

The EDS (Oxford Instrument, UK) was used to 

determine elemental composition of the 

samples. Also, optical microscope with digital 

camera at resolution of 1.3 M Pixel was used to 

observe the oxidation resistance of the coated 

samples after heating at elevated temperatures.                                                                                                       

 

III. RESULTS AND DISCUSSION 

A.ATR-FTIR analysis 

 

The ATR-FTIR spectra of the zirconia coated 

substrates are shown in Figure   1. After heating 

at 400 °C the peaks associated with water and 

hydroxyl groups are largely eliminated, and the 
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peaks associated with Zr-O-C and 

NO3
−substantially reduced, with regard to the as-

dried coating .After heating at 600 °C and 

above the remaining absorption peaks other 

than those associated with Zr-O-Zr also 

disappear. There is a significant broadening and 

increasing in intensity of the lower wavenumber 

peak at circa 400 cm
-1

 which can be associated 

with structural changes and organisation in the 

ZrO2 after treatment at these higher 

temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1. ATR FTIR spectra of sol-gel zirconia films 

coated on the substrates and heated  

at different temperatures. 

 

B. X-ray diffraction analysis 

XRD diffraction patterns of the zirconia 

coatings on the substrate are depicted in Figure 

2. The unheated zirconia coated substrate which 

was dried in room temperature exhibits no 

diffraction peaks from the coating. Similar 

pattern is shown for the sample heated at 400 

°C which gives an indication that this 

temperature is not high enough to produce 

crystalline structure of zirconium oxide. The 

further increase of the heating temperature at 

600 °C and 800 °C illustrate the phase transition 

of amorphous zirconia coating into crystal 

structure with strong intensity peaks at 2θ = 

30.3°, 35.1°, 50.3°, 59.9° and 62.4° which 

indicate the formation of the tetragonal 

zirconium oxide.                                                                                                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig 2. XRD patterns of the sol-gel zirconia coatings 

on the substrates and heated at different 

temperatures. 

 

C. Surface morphology 

 
The SEM micrographs coated substrates were 

taken to observe the surface morphology of the 

zirconia coatings with the changes of the 

heating conditions.  

The SEM micrographs of the zirconia coated 

substrates before and after heat treatment are 

shown in Figure 3. The as-dried zirconia 

coating and the one heated at400 °C illustrate a 

smooth surface morphology. However, the 

zirconia coated surface becomes slightly rough 

after heating at 600 °C. The further increase of 

the calcination temperature to 800 °C results in 

an increasingly rough and porous coating 

surface consisting of zirconia particles of 

submicron scale.                                                          

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3. SEM micrographs of zirconia coatings heated 

at different temperatures for 1 h. (a) As-dried, 

 (b) 400 °C, (c) 600 °C and(d) 800 °C. 
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D. EDS analysis 

 

EDS was used to investigate the change of 

elemental composition for the zirconia coatings 

on the substrate surface under the effect of 

different heat treatment conditions and the 

results are presented in Table 1.  

In the zirconium oxide, the elemental ratio of 

zirconium to oxygen achieves more or less the 

theoretical ratio of 1:2 in ZrO2 for the zirconia 

coated samples were heated at600 °C and     800 

°C, which confirms completion of the 

conversion from zirconia xerogel to zirconia 

oxide when heat treated at these temperatures.                                  

 

IV. CONCLUSION 

The conversion of sol-gel zirconia coated on 

stainless steel 316 substrates into crystalline 

ceramic coatings has been successfully 

achieved by heat treatment via conventional 

furnace heating processes.The calcined coatings 

usually possess a surface morphology 

consisting of ceramic particles with the size 

variable with heating conditions, which are not 

as smooth as their unheated counterparts. 

Higher heating temperature generally leads to 

higher crystallinity of the resultant coatings, but 

has the higher probability to cause substrate 

oxidation as well.                                                  
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Table 1 :Elemental composition of the zirconia coated 

substrates sintered at different temperatures. 

Zirconia coated substrates 

Sample Processing 

condition 

Atomic % 

O Zr Fe Cr 

As-dried - 55.73 7.40 28.7 8.14 

Zr1 400 °C 57.37 11.25 24.4 7.00 

Zr2 600 °C 59.02 29.43 7.96 3.59 

Zr3 800 °C 61.32 29.76 6.15 2.78 
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