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SYNOPSIS 

Zirconium and its alloys are widely used as cladding materials in nuclear industry, as 

valves in chemical industry, and even as medical implants in the medical industry, 

because of their advantageous properties such as low thermal neutron cross section, 

good corrosion resistance, good biocompatibility and high mechanical properties.  

However, wear of zirconium components is a major issue for demanding applications 

due to the characterised poor tribological properties (low hardness and high friction 

coefficient).  Corrosion has also long been reported to cause great economic losses.  

This project was therefore aimed to improve the tribological and corrosion properties of 

Zr702 (chemical grade) and Zircaloy-4 (nuclear grade) materials through ceramic 

conversion (CC) treatment.   

To this end, a series of CC treatments at different temperatures for varying periods of 

time were therefore carried out on both Zr702 and Zircaloy-4 alloys.  In addition, the 

first trial of duplex surface treatment was conducted on Zr702 alloy to study the 

response of the CC formed ceramic layer to oxygen boost diffusion (OBD) and to 

increase the oxygen diffusion zone (ODZ).  Microstructural characterisations using 

optical microscopy, XRD, GDOES, SEM/EDX and TEM etc., were performed for all 

surface treated samples, and the mechanical, corrosion, and tribological properties of 

selected samples were evaluated.   

The results have shown that the CC treatment can successfully produce a ceramic layer 

on both alloys via thermal oxidation.  The ceramic layer is mainly made up of m-ZrO2 

with traces of t-ZrO2. A substoichiometric oxide ZrO0.27 is formed at the metal/oxide 
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interface with a preferred orientation with the substrate α-Zr.  The oxide layer has a 

columnar structure and lateral cracks parallel to the metal/oxide interface is noticed.  

More lateral cracks have been found to form with the increase of the treatment 

temperature and/or time.  The oxide layer formed on Zircaloy-4 alloy is thicker but with 

more pore/crack defects when compared with that formed on Zr702 under the same 

treatment condition.  

Electrochemical polarisation tests have shown improved anti-corrosion property after 

most CC and duplex surface treatments due to the separation of substrate zirconium 

from the corrosion solution.  Medium-temperature CC treated samples exhibit the best 

corrosion resistance: Zr702-5350, Zr702-5310 and Zr702-5610 for Zr702 alloy; Zry4-

5310, Zry4-5610 for Zircaloy-4 alloy.   

CC treatments investigated can also improve the wear properties of both Zr702 and 

Zircaloy-4.  The optimal treatment conditions for Zr702 and Zircaloy-4 are found to be 

530 °C/10 hours and 500 °C/10 hours with an improvement in wear resistance of 3.7 × 

103 and 8.9 × 102 times respectively.  The main wear mechanism has changed from 

adhesive wear for the as-received materials to mild abrasive wear of the CC treated 

samples.  The optimal CC treated Zircaloy-4 (Zry5-5310) can effectively reduce the 

fretting wear of Zircaloy-4 in both DI water and 3.5 wt% NaCl by 19.2 and 18.7 times 

respectively due to the elimination of wear/galling craters.   

Oxygen boost diffusion (OBD) in both two-step (CC+OBD) and three-step 

(CC+OBD+TO) duplex surface treatments can further increase the wear performance of 

Zr702 due to reduced porosity and cracks in the oxide layer and thickened oxygen 

diffusion zone.  
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1 INTRODUCTION 

1.1 Background 

Zirconium and its alloys are materials of choice for water-cooled nuclear reactors due to 

their low thermal neutron absorption cross section, high corrosion resistance and 

adequate mechanical properties[1]; in addition, zirconium alloys are widely used for 

chemical processing equipment (such as pumps, valves, heat exchangers etc.) because 

of their excellent corrosion resistance in most corrosive solutions. Recently, zirconium 

alloys are also used to make such body implants as hip and knee joint prostheses due to 

their relatively good mechanical properties and good biocompatibility[2]. 

However, zirconium and its alloys are generally very soft (<250HV)[3] and 

characterised by poor tribological properties. Their coefficient of friction is high (~0.65) 

and their wear resistance is much lower than other materials for nuclear and chemical 

applications, such as nickel alloys and stainless steel[4]. For example, fretting wear has 

been reported to occur to Zr pressure tubes in nuclear power reactors, which raises a 

major safety concern[5].  In addition, corrosion induced failure has also long reported to 

occur zirconium components[6, 7] which can cause great economic losses on.  

Therefore, how to improve the wear and corrosion resistance of zirconium alloys and 

thus extend the life-span of demanding zirconium components is a timely task from 

both a scientific and technological point of view, which forms the primary theme of the 

present project.  

Ceramic conversion treatment has been widely adopted on titanium alloys, and thus it is 

likely that a dense adherent ceramic layer can be formed on the surface of zirconium 

alloys. Therefore, it is necessary to study the responses of zirconium alloys to ceramic 
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conversion treatment and identify the optimised treatments for zirconium alloys to 

improve their tribological and corrosion properties. 

1.2 Aim and objectives 

The aim of this project was to enhance the tribological and corrosion properties of both 

nuclear grade Zircaloy-4 and commercial grade Zr702 zirconium alloys through ceramic 

conversion (CC) treatment.  The specific scientific and technological objectives of this 

investigation were: 

 To study the response of zirconium alloys to CC treatment based on thermal 

oxidation in air and the effect of oxygen boost diffusion (OBD) treatment on the 

pre-formed ceramic layer by CC treatment; 

 To characterise the composition, phase constituents, microstructures and surface 

morphologies of the CC treatment and OBD treated zirconium alloy surfaces.; 

 To assess the mechanical properties (hardness, Young’s modulus and load 

bearing capacity) of the surface treated Zircaloy-4 and Zr702 alloys; 

 To evaluate the tribological (friction and wear) and corrosion properties of the 

modified surfaces of Zr702 and Zircaloy-4 alloys; 

 To study the mechanisms involved of Zr702 and Zircaloy-4 alloys to advance 

scientific understanding. 
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2 LITERATURE REVIEW 

2.1 Zirconium alloys 

2.1.1 Historic notes 

The element zirconium, ranked the 19th in abundance of the earth’s crust[8], was 

discovered by Klaproth in 1789.  But it was not isolated as a metal until 1824, when 

Berzelius prepared a very impure metal powder by reduction of potassium 

fluorozirconate with potassium metal[9].  The reaction is governed by Equation 2.1-1. 

                    K2ZrF6+4K → Zr+6KF                                         Equation 2.1-1 

A hundred years later, a purified metal was produced by VanArkel and DeBoer using 

the iodide decomposition process, as shown in Equation 2.1-2.  This process has been 

used till today as a method to purify zirconium and hafnium[10]. 

               ZrI4(solid)
600℃
→   Zr(solid)+2I2(gas)                               Equation 2.1-2 

In 1947, W.J. Kroll at the U.S. Bureau of Mines in Albany developed the magnesium 

reduction method (Kroll process)[11] to extract the metal from zirconium tetrachloride, 

which is governed by the reaction (Equation 2.1-3). 

                2Mg(liquid)+ZrCl4(gas)→2MgCl2(liquid)+Zr(solid)           Equation 2.1-3 

During this period, Kaufman and Utermeyer corrected the measurements of the thermal 

neutron cross section of zirconium and found that zirconium has a low thermal neutron 

absorption cross section[10].  The favourable low thermal neutron absorption cross 

section of zirconium, together with its high resistance to severe corrosion environments, 
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especially in high temperature steam, gave rise to the idea of making use of zirconium 

as cladding materials in nuclear reactors, which provided the initial stimulus for the 

development of the zirconium industry.  In the early 1950s, the highly purified 

zirconium was found to have inconsistent corrosion and oxidation properties[12], thus 

bringing forward the development of high performance zirconium alloys. 

The most beneficial alloying element was found to be tin as it can reduce the harmful 

effect of nitrogen impurities within the alloy[13], and hence the first zirconium alloy, 

named Zircaloy-1 containing 2.5%Sn (% stands for weight percentage thereafter), was 

developed.  This development was further improved upon allowing for the creation of 

Zircaloy-2 (1.5%Sn, 0.15%Fe, 0.1%Cr and 0.05%Ni) and Zircaloy-4(1.5%Sn, 0.2%Fe 

and0.1%Cr) alloys[14]. 

At a later time, niobium was added to zirconium alloys for improved in-reactor 

corrosion performance[15].  Zr-1%Nb was produced for pressurized water reactors and 

Zr-2.5Nb% was also reported to be very corrosion resistant.  Both Zr-1%Nb and Zr-

2.5Nb% are widely used in the nuclear industry[16].   

Modern Zr-Nb-Sn alloys have been developed with a decrease of tin content while 

increasing the niobium content of the alloy.  This is because the reduction of tin content 

was observed to be related to a decreased corrosion rate and also found to be able to 

delay the breakaway oxidation period in terms of corrosion kinetics[17, 18].   

However, the use of zirconium and its alloys was initially limited to the governmental 

nuclear programmes; as soon as being available commercially, zirconium and its alloys 

quickly found their use in the chemical process industry[19].  In addition, zirconium is 
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non-toxic and has a relatively good biocompatibility, leading to its application in 

medical implants[2]. 

2.1.2 Classification 

Specifications for zirconium and its alloys are issued by the American Society for 

Testing and Materials (ASTM) , which uses the Unified Numbering System (UNS) code 

-where R6XXXX designates zirconium[20].   

Due to the low solubility of alloying elements in zirconium, the commercially available 

zirconium alloys can be generally classified into three series based on their alloying 

elements, i.e. Zr-Sn, Zr-Nb, and Zr-Sn-Nb alloys, with the binary phase diagrams of Zr-

Sn and Zr-Nb shown in Figure 2.1-1 and Figure 2.1-2 respectively[21].   

With regards to specific applications, zirconium alloys can also be divided into 

commercial grade and nuclear grade[14, 22], where the classification is largely based on 

the amount of hafnium (Hf) contained: nuclear grade zirconium has significantly lower 

level of Hf less than 0.010 %.    

The compositions of most commonly used zirconium alloys with their UNS codes are 

listed in Table 2.1-1[12, 23, 24].   



6 

 

Table 2.1-1 Compositions of most commonly used zirconium alloys[12, 23, 24] 

Alloy design 

(NUS No.) 

Composition (%) 

Zr+Hf 

(min) 

Hf 

(max) 

Sn Nb Fe Cr Ni Fe+Cr Fe+Cr+Ni O 

(max) 

Nuclear grades 

Zircaloy-2 

(R60802) 

-- 0.010 1.20-

1.70 

-- 0.07-

0.20 

0.05-0.15 0.03-0.08 -- 0.18-0.38 -- 

Zircaloy-4 

(R60804) 

-- 0.010 1.20-

1.70 

-- 0.18-

0.24 

0.07-0.13 -- 0.28-0.37 -- -- 

Zr-2.5Nb 

(R60901) 

-- 0.010 -- 2.40-

2.80 

-- -- -- -- -- -- 

Zr-1.0%Nb-

0.01%Sn 

-- 0.010 0.01 0.91 0.08 0.01max 0.01max -- -- -- 

Commercial grades 

Zr702 (R60702) 99.2 4.5 -- -- -- -- -- 0.2max -- 0.16 

Zr704 (R60704) 97.5 4.5 1.0-2.0 -- -- -- -- 0.2-0.4 -- 0.18 

Zr705 (R60705) 95.5 4.5 -- 2.0-3.0 -- -- -- 0.2max -- 0.18 
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Figure 2.1-1 Zr-Sn binary phase diagram[21] 

 

Figure 2.1-2 Zr-Nb binary phase diagram[21] 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjt5cSWk_fJAhWKbRQKHeLZA6MQjRwIBw&url=http://www.himikatus.ru/art/phase-diagr1/Sn-Zr.php&bvm=bv.110151844,d.d24&psig=AFQjCNGdzOhzrYuFqGx-SGUt-1TaBElG2g&ust=1451137598393176
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiHu-uxkvfJAhUKsxQKHWT3Aw8QjRwIBw&url=http://www.himikatus.ru/art/phase-diagr1/Nb-Zr.php&psig=AFQjCNEwSE1ZzXezXiu9D9WcP4_ZMZAUWw&ust=1451137330096536
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2.1.3 Physical metallurgy 

2.1.3.1 Phase transformation 

Zirconium has four different forms of crystal structure[25]: hexagonal ω phase, 

hexagonal close packed (HCP) α phase, and two body centred cubic (BCC) phases β 

and ω’ phase respectively.  Figure 2.1-3[25] depicts the temperature-pressure phase 

diagram for the phases mentioned above.  It should be noted here that ω’ phase is not 

included in the temperature pressure graph as it can only be obtained at a very high 

pressure up to 30GPa[25].   

As shown in Figure 2.1-3[25], when the pressure increases at room temperature, the 

HCP structured α phase changes to the hexagonal structured ω phase at 2GPa[26].  

Another allotropic transformation occurs at ambient pressure.  When heated from room 

temperature to about 1136 K at the atmospheric pressure, zirconium transforms from α 

phase to β phase[10].  This temperature is noted as the transformation temperature.   

 

Figure 2.1-3 Temperature-pressure phase diagram of zirconium[25] 
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According to previous research, this transformation temperature is highly dependent on 

the alloying elements, which are therefore divided into two groups: α stabiliser and β 

stabilizer based on their effects on the transformation temperature[27].  

α stabilizers, e.g. Sn, O, Hf, Al, etc., will stabilize the α phase, and increase the 

allotropic transformation temperature; an example of an α stabilised (Zr-Sn alloy) phase 

diagram is given in Figure 2.1-1[21].   

β stabilizers, e.g. Nb, Fe, Cr, Ni, etc., decreases the transformation temperature. The 

phase diagram of a typical Zr with β stabilizer, i.e. Nb, is as shown in Figure 2.1-2[21].   

It should also be noted that the overall effect of the alloying element on the 

transformation temperature is a combination of all stabilising effects.  The real 

transformation temperatures of different zirconium alloys are therefore experimentally 

determined.     

During the fabrication process, a HCP crystal structure will initiate and grow 

simultaneously as zirconium is cooling from β phase provided that the temperature is 

higher than the allotropic transformation temperature[25].  As the atomic packing 

factors of HCP and BCC cells are 0.74 and 0.68 respectively, there is a volumetric 

change and hence a generated distortion when allotropic transformation occurs.  The 

alloying elements added in zirconium alloys as well as heat treatment insensitive and 

low solubility intermetallic compound formers, to some degree can address this 

distortion [28].   
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2.1.3.2 Heat treatment 

In order to create zirconium alloys with a good combination of microstructure, chemical 

and mechanical properties, different heat treatment methods are required.  One of the 

main principal basis of these treatments is the allotropic phase transformation, as the 

resultant product properties vary with the cooling rate and alloying elements, etc.  The 

size and distribution of intermetallic compounds greatly depend on the cooling rates 

from β phase to α phase.  The higher the cooling rate, the smaller the size and more 

randomly distributed the intermetallic compounds[10].   

The commonly used heat treatment procedures for zirconium alloys are listed below.   

1) Solution treatment: during this process, zirconium alloys will be heated to the β zone 

(> 865 ℃, alloys dependent), although generally the temperature chosen for this process 

will usually be between 1000 ℃ to 1065 ℃[29]).  This temperature will be maintained 

for a period of time to allow for material homogenisation i.e. the complete dissolving of 

all second phase particles into either in grains or along grain boundaries.  Significant 

grain growth could occur if zirconium alloys are held in the temperature for too long.  

Generally, no solution treatment is carried out on unalloyed zirconium[10].    

2) Quenching: the material will be quenched after homogenization.  It is during this step 

that allotropic transformation occurs, where β grains transform into α crystals.  If cooled 

slowly, this will reveal a Widmanstätten structure, shown in Figure 2.1-4 (b); or if 

cooled rapidly, a martensitic transformation will occur resulting in the formation of a 

martensitic structure, shown in Figure 2.1-4 (c)[29].  Alternatively to the Widmanstätten 

and martensitic structures, and depending on the composition of the material, the β 

phase can be retained during quenching in some binary alloy configuration (Zr-Cr, Zr-
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Nb, Zr-U etc.), provided that the material has higher than the critical concentrations, 

which is 7.2 wt%, 15 wt%, and 20 wt%[25, 30] for Cr, Nb and U respectively.   

3) Cold work and recrystallization: for the fabrication of materials into different forms 

(shape and dimension) such as sheet, bar, plate etc. cold work like rolling, extrusion, 

forging etc. will be conducted.  One important parameter is cold work percentage 

(%CW) which is measured by dimension reduction, given in Equation 2.1-4, to 

represent the degree of plastic deformation undergone by the worked material[31].  

                                                   %𝐶𝑊 =
𝐴0−𝐴𝑑

𝐴0
× 100                         Equation 2.1-4 

where 𝐴0 and 𝐴𝑑 are the cross sections before and after deformation respectively. 

The main mechanism of hardening comes from the slip of crystal lattices initiated by 

twinning, a mechanism which occurs at the beginning of cold working process[10].   

 

Figure 2.1-4 Typical microstructures of zirconium alloys[29] 

a: Annealed Zr-2.5Nb equiaxed α grains 

with β phase at grain boundaries X500 

b: Widmanstätten structure in Zircaloy-

2 slowly cooled from β phase (1275K, 

1000°C) X500 

c: Martensitic α’ structure in Zr-2.5Nb 

water quenched from β phase (1275K, 

1000°C) X500 

a b 

c 
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4) Annealing: after quenching and between different cold work processes, a series of 

heat treatments under the allotropic transformation temperature will be carried out in 

order to ensure a fine and uniform dispersion of second phases or compounds.  

Annealing treatment will restore ductility and allow further fabrication.  For zirconium 

alloys, it is usually performed between 530 ℃ and 600 ℃, which depends on the 

previous cold working process and the specific material composition, to obtain the fully 

recrystallized materials[10, 29, 30].  On heavily cold worked materials heat treatments 

are normally conducted at temperatures of around 620 ~ 787 °C for times of 15 minutes 

or longer to accomplish the recrystallization process[10].  The resultant microstructure, 

shown in Figure 2.1-4 (a)[29], is an equiaxed geometry of zirconium grains with β-Nb 

precipitates located at the α grain boundaries.  For better mechanical properties, the last 

annealing is often conducted at a reduced temperature to avoid complete 

recrystallization.  This is in a stress relieved state, characterized by elongated grains and 

a high density of dislocations[13]. 

2.1.4 Properties and application of zirconium alloys 

Zirconium is a greyish-white lustrous metal which has a relative density of 6.52 mg/cm3 

and a melting point of 1860 °C.  Table 2.1-2 lists the main physical properties of 

zirconium [3, 32].  As mentioned earlier (section 2.1.3.1), zirconium has a hexagonal 

close-packed (HCP) crystal structure, shown in Figure 2.1-5, at ambient conditions.  

The HCP structure leads to strong directional property variations as given in Table 2.1-2.  

The strong anisotropy has a profound influence on the engineering properties of 

zirconium, especially in plastic deformation of the material.  The low coefficient of 

thermal expansion (CTE), together with the high melting point, makes zirconium and its 
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alloys ideal for high temperature applications such as high temperature fuel cells, 

ceramic tubes etc.[8]. 

Zirconium and its alloys also exhibit a high affinity with oxygen[33].  When zirconium 

is exposed to air, a thin oxide layer of about 10 ~100 nm thickness is formed on the top 

surface[34].  Meanwhile, owing to zirconium’s high reactivity with oxygen, the metal is 

frequently used as a gas getter in vacuum atmosphere.  In such applications caution 

must be taken as zirconium, especially in powder form, ignites easily in air.    

Table 2.1-2 Typical physical properties of zirconium [3, 32] 

Atomic number 40 

Atomic weight 91.2 

Density at 300K 6.5mg/m3 

Hardness <250HV 

Melting temperature 2125K(1850°C) 

Transition temperature 1135K(862°C) 

Coefficient of thermal expansion at 570K [112̅0] direction 6.3×10-6/K 

[0001] direction 10.4×10-6/K 

Specific heat at 300K 276J/(Kg∙K) 

Thermal neutron capture cross section microscope 0.18 barn 

macroscope 0.008cm2/cm3 

Electric resistivity 0.44μΩ∙m 

Young’s modulus at 300K [112̅0] direction 99GPa 

[0001] direction 125GPa 

Poisson’s ratio at 300K 0.35 

Lattice parameters at 300K Hexagonal α   a0=0.323nm c0=0.515nm 

Body centred cubic β a0=0.359nm 
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At the same time, zirconium and its alloys are widely used in aggressive corrosive 

environments including high temperature steam water, i.e. chemical industry 

applications as valves and agitators pumps etc.[19, 28, 33, 34].  The excellent corrosion 

resistance, as reported[34], is attributed to the formation of the thin oxide film on the 

surface.    

Due to their low thermal neutron absorption cross section (0.18 barn), as well as their 

high corrosion resistance and adequate mechanical properties, Zr alloys are also the 

materials of choice for the water-cooled nuclear reactor industry mainly [1].  The alloys 

used in nuclear industry are mainly Zr-Nb and Zr-Sn alloys[35]. And calendria tube, 

pressure tube, garter springs, fuel cladding and spacer are components where these 

alloys are used[36], with schematic diagram of fuel assembly for Pressurised Water 

Reactors (PWR) and Boiling Water Reactors (BWR) shown in  Figure 2.1-6 (a) and (b) 

respectively[37].  Typical alloys used in nuclear reactors are as given previously in 

Table 2.1-1.   

Zirconium is non-toxic and biocompatible which also enables the material to be used in 

the food processing industry.  Meanwhile, zirconium alloys have also been used in 

medical application such as hip and knee joint prostheses[2].    
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Figure 2.1-5 HCP crystallographic of Zirconium[32] 

 

Figure 2.1-6 Fuel assembly and control rod cluster used in (a) PWR and (b) BWR[37] 

2.2 Degradation of zirconium alloys 

Despite of their wide application, zirconium alloys are also characterised by their poor 

tribological properties.  They generally exhibit a low hardness  (< 250HV), as given in 

Table 2.1-2, together with a high Coefficient of Friction (CoF) ≈ 0.65[3].  Zirconium 

(a) (b) 



16 

 

also has a high tendency to gall and seize when sliding in contact with other 

materials[38].  Research has been directed towards addressing this problem so as to 

improve the life-span of different zirconium components.  Reasons which cause their 

failures include fretting wear, corrosion, and hydrogen embrittlement, which are 

detailed below.   

Zirconium is susceptible to wear and fretting, either in zirconium claddings induced by 

the interaction between the cladding and spacer grids and Pellet Cladding Interactions 

(PCI)[39] as well as flow induced vibration[40], or in orthopaedic implants[41] such as 

screw–plate interfaces and modular connections of joint replacement components.  And 

hence it can induce wear of zirconium components which would lead to the exposure of 

the fuel pellet, i.e. leaking.     

Despite the fact that zirconium alloys exhibit an excellent resistance to a wide range of 

corrosive media including common acid and alkalis[10], superheated water, high 

temperature steam[1] etc., different forms of corrosion such as pitting[42, 43], nodular 

corrosion[44], stress corrosion cracking[45, 46], galvanic and crevice corrosions[42] 

have been reported.  Therefore, corrosion of zirconium parts has also caused a great 

economic impact.   

Hydrogen Embrittlement (HE) is a hydrogen assisted environmental degradation 

process happening mainly in nuclear applications, which is formally called hydrogen 

embrittlement, hydrogen enhanced failure, hydrogen attack, hydrogen-assisted 

degradation[35].  With a low solubility of only 0.07 wt%, shown in Zr-H phase diagram 

in Figure 2.2-1[21], zirconium hydride which is characterised by its low ductility[47] 

forms and precipitates.  This hence leads to either short-term loss of toughness induced 
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failure or a stable, time-dependent crack growth called Delayed Hydrogen Cracking 

(DHC)[48].   

Thermal and irradiative induced creep accompanies the macroscopic mechanical 

variations of zirconium such as hardening[49].  It can also limits internal pressure of the 

cladding to below primary loop operating pressure which therefore can cause 

‘ballooning’ of the cladding materials[35].   

Of those failures, wear and corrosion are of the most interest to current study and hence 

are further reviewed in following subsections.   

 

Figure 2.2-1 Zr-H binary phase diagram[21] 
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2.2.1 Friction and wear of zirconium  

2.2.1.1 Introduction 

Wear is the loss of material from contacting surfaces which have a relative motion to 

one another.  Along with fatigue and corrosion, wear has been known as one of the three 

major factors which cause premature failure and hence limit the life and performance of 

engineering components and systems[50, 51].  Different techniques such as; 

reciprocating sliding[52, 53], ball/pin on disc[36, 54, 55] and cylinder-to-cylinder[56] 

etc., are used in the characterisation of tribological performance of zirconium alloys.  

Depending on the amplitude of the wear, it can be generally subdivided into two further 

categories; wear and fretting.    

In spite of the classification of wear according to its amplitude, wear can also be divided 

into mild wear and severe wear based on wear track severity; or grouped into lubrication 

wear and unlubrication wear depending on the existence or non-existence of lubrication 

in the wear system; or sliding, rolling and impact wear in terms of the contact 

movement of the surfaces[57].  

Wear as a failure mode, not only can cause great physical consequences as loss of 

material, wear debris and material embrittlement[58], but also induces tremendous 

safety risks which include leaking, inflammation, overload failure.  It was estimated that 

up to 70% of zirconium leak failures were reported to be related to fretting and wear[59].   

Close to 90% of the orthopaedic implants (screws and plates) revised were caused by 

wear debris caused inflammation[60].  All of those come along with large economic 

losses.   
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2.2.1.2 Friction of zirconium alloys 

Friction, shown in Figure 2.2-2[61], is the force generated between two contact moving 

bodies, either sliding or rolling, which prohibits the relative movement between each 

other.  Friction is proportional to the normal load, which is expressed as, F = μW, 

where μ  is the coefficient of friction (CoF), F is the friction force and W is the normal 

load.  The empirical results have shown that the friction force is independent of both the 

apparent contact area and the sliding velocity[61].   Since these are empirical 

conclusions, these laws may not apply to all cases.   

 

Figure 2.2-2  A schematic diagram showing a frictional force in (a) rolling and (b) sliding 

conditions[61] 

When two clean surfaces are brought into contact, from a tribological point of view, it 

will be the asperities of the surfaces which touch each other and hence form cold weld 

joints[62],  shown in Figure 2.2-3[63].  If subjected to relative motion, these cold weld 

joints will either deform plastically or break off which is dependent on the material’s 

deformation characteristics.  According to Bowden and Tabor[61, 64], friction is the 

reason which causes the adhesion and deformation (ploughing etc.) of the contacting 

parts with relative motion.  Therefore, the friction force is the sum of the adhesion force 

(𝐹𝑎𝑑ℎ) and deformation force (𝐹𝑑𝑒𝑓).  

W 

F F 

W 
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                                             𝐹 = 𝐹𝑎𝑑ℎ + 𝐹𝑑𝑒𝑓                                     Equation 2.2-1 

 

Figure 2.2-3 True contact of two solid surface 

Hence, the friction characteristics of materials are related to their intrinsic crystal 

structures[65], chemical and mechanical properties.  In principal, HCP structure has a 

lower number of slip directions (i.e. 6) when compared with BCC. and FCC being 8 and 

12 respectively[66].  In the case of FCC structured materials, the stacking fault energy 

is believed to be a good indicator of the galling and wear properties [67-69].  Low 

stacking fault energy will reduce the effective number of slip systems and is thought to 

hinder the dislocation movement and lower ductility, therefore decreasing the friction.  

For HCP materials, anisotropy behaviour was observed and plastic deformation would 

either proceed in basal plane or prismatic plane, depending on the axial ratio i.e. c/a[66], 

whether it is higher or smaller than the ideal index for hexagonal closed packed stucture.  

The axial ratios for different metals at room temperatures are given in Table 2.2-1[67].  

Research[70] shows that with a low axial ratio (<1.633), more cross-slip are observed 

and hence making the materials more susceptible to gall. 

Table 2.2-1 The axel ratio of metals at room temperature[67] 

metal c/a 

Be 1.568 

Ti 1.587 
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Zr 1.593 

Mg 1.623 

Co 1.623 

Ideal HCP 1.633 

Zn 1.856 

Cd 1.886 

 

As mentioned earlier, zirconium has the hexagonal closed packed (HCP) 

crystallographic structure in ambient conditions, as shown in Figure 2.1-5[32].  It has an 

axial ratio of 1.593, which is lower than the ideal value of 1.633.  Having a lower axial 

ratio makes the basal plane less favourable for slip than the prismatic {101̅0} and first 

order pyramidal {101̅1}  planes[71], resulting in an increase in the total number of 

possible slip systems.  The increased possible slip systems can then promote continuous 

junction growth, which contributes to high friction and wear loss.   

Besides this, the grain size, second phase distribution, microstructure discontinuity etc. 

are also found to be related to the friction properties of materials.  A higher chemical 

activity also gives rise to a higher junction strength and an increase in the friction.  

When materials have a relatively high ductility, a high rate of cross-slip of dislocations 

and low work-hardening rate, plastic deformation in the asperities will be preferred and 

fracture would be minimal.  As a result, sliding would require more energy.  

Zirconium has a high chemical activity( Figure 2.2-4 (a)) and metallurgical 

compatibility (Figure 2.2-4 (b))[61, 72], which leads to both strong cold welding and a 

high junction strength.  When sliding caused shearing occurs, the high ductility of 

zirconium promotes rapid junction growth which will induce more wear.  Low hardness 

also contributes to high wear rate especially in abrasive wear.  It should also be noted 
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that the adhesive wear or galling tendency of zirconium and its alloys is a synergy of all 

these factors. 

 

Figure 2.2-4 (a) d-bond character and (b) Metallurgical compatibility chart for metals, derived 

from their two phase binary diagrams, the number given means the solubility of the two 

different phase[61, 72] 

All of these reasons contribute to the high friction coefficient (~0.56) of zirconium 

compared with the other metals, together with poor wear properties.  In order to address 

this problem, an investigation of wear mechanisms of zirconium alloys is necessary.   

2.2.1.3 Wear of zirconium alloys 

When surfaces move relative to one other, there is an affected area, called the active 

layer, as shown in Figure 2.2-5.  The active layer refers to the surface layer with its 

composition, structure thermal and mechanical properties changing during the 

tribological contacting state[57].  However, this is difficult to observe due to current 

restriction in observation technology.  Thus deducing the active layer by studying of the 

properties of the relaxed layer, i.e. the same layer but after unloading conditions at room 

temperature, is of great importance to tribology.  From the conclusions drawn regarding 

(a) (b) 
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wear mechanism, improvements in the design and material selection of a product can be 

made.   

According to the observation of the characteristics of the relaxed layer, wear can be 

classified into four main categories: adhesive, abrasive,  tribochemical and fatigue[62].  

Of those four categories the former two are of most importance for zirconium alloys, as 

the latter two can be added into the former two with the influence of the tribological 

environment.   

 

Figure 2.2-5 Schematic diagram of a tribocontact system implicating changes to the tribocontact 

layer[57]  

2.2.1.3.1 Adhesive wear of zirconium alloys 

Adhesive wear occurs on most metallic materials including zirconium.  Many research 

studies have been devoted to the wear properties of zirconium alloys.  The results of 

these studies have revealed a strong tendency of adhesive wear[73, 74] due to the 

reasons as aforementioned in section 2.2.1.2.    

During sliding, if adhesive wear is to occur, there are two relevant processes to be 

considered, shown in Figure 2.2-6[50]:  
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1) Materials transfer: As previously described, cold welded junctions can be torn apart 

when contacting surfaces are moved relative to each other.  Normally it will be in softer 

material where the tearing takes place.  The fragmented material will be dragged away 

and become adhered to the harder material.  This is called a material transfer process.  

The resultant wear track morphology characteristics are the adhesive voids and craters, 

shown in Figure 2.2-7 (a)[75].  The appearance of wear grooves will be explained in the 

following section.   

 

Figure 2.2-6 Material transfer during the adhesive wear process: horizontal arrowing showing 

the moving directions of the contacting bodies; vertical arrows depicting the applied forced[50]  

2) The following step will be the removal of the transferred material, during which the 

transferred layer is detached and removed from the underlying materials due to the 

cyclic loading.  At first the torn fragment follows a  plate-like morphology, with a 

typical image shown in Figure 2.2-7 (b)[50], then under the cyclic load condition, the 

transferred material could go on to be milled or react (e.g. oxidation) with the 

surrounding environment. Eventually the bond between the transferred layer and the 

underlying material weakens, then finally be detached and removed from the system.     

During a wear process, it should also be noted that since zirconium has a high affinity 

with oxygen, due to a combined effect of chemical and mechanical interactions between 

the contacting surfaces, the newly exposed zirconium parts or wear particles, which act 
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as a third body in the tribo-contact system[61], will react with oxygen/water from the 

surrounding environment, forming zirconium oxide.  The third body oxide, which has a 

high hardness, will cause wear grooves shown in Figure 2.2-7 (a) and Figure 2.2-8 (a).  

For severe wear scenarios, plastically deformed surfaces became covered with patches 

of oxides, shown in Figure 2.2-8 (b)[73].  As observed in most cases, adhesive and 

abrasive wear mechanism are simultaneously operative, because of the zirconium oxide 

formation, until a steady condition is reached. 

 

Figure 2.2-7 Morphological characteristics of adhesive wear: (a) adhesive craters on titanium 

(softer material) indicating material transfer; (b) transferred plate-like titanium on a steel ball 

(harder material), arrow showing the moving direction of tested sample[75] 

 

Figure 2.2-8 Wear tracks of Zircaloy-4 plate showing (a) wear grooves (b) patches of oxide on 

wear track[73] 

(a) (b) 

(a) (b) 



26 

 

In order to determine the rate of adhesive wear, Archard model [76], which is developed 

based on the theory of asperity contact, was used (Equation 2.2-2). 

                                                      W = K
𝐹𝑁

H
                                             Equation 2.2-2 

W: wear rate; FN: normal load; H: hardness of the softer material; K: the wear 

coefficient.   

K would be high if the two contacting surfaces have a high mutual solubility (shown in 

Figure 2.2-4 (b)), or if wear occurs in a vacuum or an inert atmosphere.   Figure 

2.2-9[74] depicts that, when sliding against itself at different atmospheric conditions, 

zirconium exhibits the lowest friction coefficient in a H2 gas atmosphere, which 

increases in the increasing order when the test carried out in He-10%H2, air, He and 

vacuum atmospheres.  The reason for a lower friction coefficient in H2 or H2 containing 

He atmosphere is the tribo-chemical reaction induced zirconium hydride which acted as 

a lubrication because of its layered structure[74].  The negative wear rate of the disk 

specimen in air and vacuum (Figure 2.2-9 (b)), is due to the transfer of the zirconium on 

the pin specimen to the disk during the wear process, i.e. adhesive wear[74].     

 

Figure 2.2-9 Results of pin on disk test of zirconium against itself at different atmospheres: (a) 

Friction coefficient (b) Wear rate (positive)/transfer rate (negative)[74] 

(a) (b) 
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2.2.1.3.2 Abrasive wear 

Abrasive wear occurs when a hard surface slides against a soft surface (two-body 

system) or when hard particles enter the sliding interface and act as abrasives (three-

body system).  The soft surface will suffer material loss by the known abrasive wear[62].  

The most obvious morphological characteristics of abrasive wear track is wear grooves, 

shown in Figure 2.2-10[57, 77, 78], therefore, abrasive wear is also termed by grooving 

wear by some researchers. 

Depending on the ratio of the shear strength of the contact interface relative to that of 

the bulk materials, abrasive wear grooves are observed from three different forms of 

mechanisms: ploughing, wedge and cutting[57].  When the load is really light, 

ploughing happens with materials only displaced from the grooves to the side (Figure 

2.2-10 (a)). In this case, there is no material loss and surface damages are in the form of 

dislocations at the near surface areas.  With the load increasing when the ratio (between 

the shear strength of the contacting surface with the shear strength of the bulk material) 

reaches 0.5~1.0, wedge grooves occur where part of the materials from the grooves is 

worn out and maybe pile up in front of the abrasive tip (Figure 2.2-10 (b)).  The most 

severe form of abrasive wear is cutting, during which the shear strength ratio between 

the contacting surface and the bulk material is so high that the abrasives act as a tool 

machine (Figure 2.2-10 (c)).  There is no material displacement.  For cutting to happen, 

a critical angle of the abrasive tip, depending on the abraded material, exists.   
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Figure 2.2-10 Three different forms of ploughing grooves[57] 

Microfatigue and microfracture at the worn surface may occur on ductile and brittle 

abraded materials respectively, shown in Figure 2.2-11[77, 78].  Repeated deformation 

accumulation on ductile worn surfaces leads to the fatigue, while the wear debris of 

brittle material comes from the crack convergence.   

 

Figure 2.2-11 Microfatigue and microfracture of worn surface from ductile and brittle materials 

respectively[77, 78] 

To determine the wear loss of materials Archard model[76], shown in Equation 2.2-3, is 

found to be applicable for abrasive wear.   

                                                     V = k
PL

H
                                         Equation 2.2-3 

V: wear rate; k: wear coefficient; P: contact load; L: sliding distance; H: hardness of the 

surface being abraded.  The wear rate k is dependant mainly on the shape, hardness and 

mechenical properties of the abrasives.   

(a) Ploughing (b) Wedge (c) Cutting 
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Zirconium and its alloys are soft materials, with the hardness < 250HV.  In the case of 

abrasive wear, they often act as the abraded materials either by third body particles 

(work hardened or oxidized wear particles) or the high toughness counterpart, which 

then leads to the abrasive wear grooves as aforemntioned (Figure 2.2-8 (a)).   

 

Figure 2.2-12 Zirconium oxide wear rate vs. facture toughness [79] 

Lots of efforts have also been devoted to the anti-wear properties of zirconium oxide, 

because of its high hardness as a ceramic.  Unlike metals, Archard’s model could not be 

applied to the wear of ceramics.  Toughness is of more importance than hardness for 

wear resistance, as the wear of ceramic mateirals occurs by fracture instead of plastic 

deformation[80].  Fischer[79] found that the wear resistance of zirconia (measured in air 

at ambient temperature with a sliding speed of 1mm/s and normal load of 9.8N) is 

propotional to the fourth power of fracture toughness, KIC, as shown in Figure 2.2-12.   

Typical morphology of wear tracks are given in Figure 2.2-13, with arrows indicating 

the siliding direction of counterface and the mignification scale, showing that the wear 

of materials changes from fracture to plastic deformation with increasing toughness[79].   
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Figure 2.2-13 Typical SEM images of wear track on zirconia plates with the arrows indicating 

the sliding direction: (a) KIC = 2.5MPa·m1/2, cracking; (b) KIC = 11.6MPa·m1/2, grooves with 

plastic deformation.  Arrows showing the sliding direction and magnification scale[79] 

2.2.1.4 Fretting wear 

Fretting wear occurs when the relative motion is of small amplitude, approximately 1-

100 micrometres[4].  Vibration is one of the main causes of the fretting movement in 

machinery[81] such as the contacts between hubs, shrink- and press-fits, and bearing 

housings on loaded rotating shafts or axles, joint structures as rivets and fasteners etc.. 

Mindlin analysis based on Hertzian solution is used for design of experiments on 

fretting of a ball on a flat surface which is shown in Figure 2.2-14[82, 83].  Slip occurs 

when q > µp.  Hence the contact consists of a non-slip region with a slip annulus.  

Based the shape of its friction loops (tangential force versus displacement cycle) [84-86] 

as depicted in Figure 2.2-15, fretting can generally be characterised by one of three 

different regimes: 1) elastic, which is a closed cycle on the friction loop with no 

observed wear and energy dissipation; 2) elastic cycle, where only part of the surface 

slip; 3) gross slip, which shows an parallelogram cycle[87].   

(a) (b) 
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Figure 2.2-14 Contact of sphere and flat: P and F stand for the normal load and tangential force 

respectively; p is the pressure distribution, µp and q are the stress distribution for the friction 

and tangential force respectively; a is the radius of Hertzian contact, while b is the radius of the 

central slip area[82, 83] 

 

Figure 2.2-15 Different fretting regimes: (a) elastic; (b) partial slip; (c) gross slip where 1 and 2 

refer to partial slip and full slip respectively[87] 

Damages caused by fretting can generally divided into fretting wear and fretting 

corrosion, which involves adhesion, abrasion, together with fatigue and corrosion[88, 

89].  In general cases, fretting happens in three stages: 1) initial metal to metal contact, 

where local welding, roughening of the surface occurs; fatigue cracks are initiated under 

cyclic stressing; 2) formation of wear debris beds; 3) a steady state, where friction is 

(a) Elastic (b) Partial Slip (c) Gross slip 
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more or less constant[90].  It should be also noted that different designs of experiments 

will lead to different mechanism, which adds the complexity of fretting investigations.  

2.2.1.5 Factors affecting wear of zirconium alloys 

It should be noted that wear is a very complicated process, and it is often the case that 

the real situation would be a combination of both adhesive and abrasive wear 

mechanisms, together with cold work, phase transformation, corrosion (from the outside 

environment or lubrication) etc.  Therefore, any factor that may causes changes to the 

tribocontact system will have an effect on the tribological performance of zirconium 

alloys.  It should also be noticed that, due to the complexity of the wear mechanisms, 

especially for fretting, depending on the test conditions, these factors may have a 

varying effect. 

1. Manufacture of zirconium alloys: the performance of materials under wear conditions 

is highly related to the intrinsic properties of the materials themselves.   Research done 

by King et al. [91] showed that the wear resistant of Zircaloy-4 and/or OPTINTM fuel 

rods in contact with springs and dimples is better than that of ZIRLOTM.  Manufacture 

of zirconium alloys sometimes causes a slightly variation in wear resistance values[5].   

2. Normal load: as mentioned earlier, only the asperities will contact when two surfaces 

are put into contact and loaded.  The real area of contact, A, is therefore directly 

proportional to the applied load, P[64].   

                                                      𝐴 =
𝑃

𝑝0
                                               Equation 2.2-4 

where 𝑝0 is the yield pressure.   
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In terms of fretting it only occurs at contacting areas, it follows that the amount of wear 

should be directly proportional to the applied load, which is consistent with the research 

conclusion regarding zirconium alloys[5, 92].  This conclusion is wear mechanism 

related, but in most cases, the increase in normal load will induce an increase in wear 

volume losses[36].   

3. Sliding speed/ frequency: wear of Zircaloy-4 increased with increase in sliding 

frequency[36].  When varying the sliding speed, the wear resistance of zirconium 

showed best performance at around 300 rpm of sliding speed by the micro-pitting 

mechanism[92]. 

4. Environment: wear performance of zirconium alloys was found to be environment e.g. 

temperature related.  It was observed that zirconium alloys exhibit higher wear 

coefficient at 225~286°C than at a temperature above 300°C at both rubbing and 

impacting conditions[5].  Meanwhile, as aforementioned in section 2.2.1.3.1, when 

tested at different atmosphere, wear volume loss was noticed to increase in inert 

atmosphere than in the air[74].    

5. Surface finish: some observations[93] also showed that the smoother the surface is, 

the more significant the damage will be.  While there has also been research conducted 

on zirconium alloys suggesting that surface finish does not have a significant effect on 

fretting[5].   

In terms of improving tribological properties, there are a few measures that can be taken.  

This includes; avoiding sliding against material that is similar to zirconium, reducing 

applied load, degrading the severity of environments where zirconium and its alloys are 

used and adding lubrications to system.  However, all these methods are fully 
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redistricted to the design of the application, while some cannot be changed much.  

Therefore, the most viable option would be linked to surface engineering, i.e. changing 

the surface properties of zirconium alloys.  More details of surface engineering of 

zirconium alloys are covered in section 2.4.      

2.2.2 Corrosion of zirconium alloys 

2.2.2.1 Introduction  

Zirconium is a highly chemical reactive metal, with a redox potential of -1.53V[94] (vs. 

standard reference electrode (SHE)) at 25°C.  It has a high oxygen affinity.  Therefore, 

the corrosion of zirconium and its alloys are often intrinsically liked to their gradual 

destruction by chemical reactions with the oxygen-containing environments[95], 

resulting in the formation of zirconium oxide at the surface.  Zirconium oxide formed at 

ambient conditions with a thickness of a few hundred nanometres is adherent and 

protective, resulting in highly corrosion resistant.  However, it is really easily to break at 

more severe conditions.   

Figure 2.2-16 shows the thermodynamics of Zr/O and other relevant systems[96, 97].  It 

should be noted that besides the chemically reacted oxygen, some oxygen will dissolve 

into the zirconium matrix.  The fraction dissolving depends on the balance between the 

kinetics of oxidation and the kinetics of dissolution[98].  This oxygen dissolving zone is 

termed as the diffusion zone.  It is reported that rapidly oxidized alloys generally have 

shallower diffusion zones when compared with zirconium alloys that are slowly 

oxidized[97].   

It is generally believed that the oxidation of zirconium and its alloys is an oxygen 

inward diffusion process.  During the corrosion process, the oxygen, coming from the 
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surrounding environment either O2 or H2O, reacts with zirconium.  The redox reactions 

are shown in Equation 2.2-5 and Equation 2.2-6. 

                                                     O2+4e-→2O2-                                      Equation 2.2-5 

                                                 2O2-+Zr→ZrO2+4e-                                Equation 2.2-6 

 

Figure 2.2-16 Darken and Gurry plot of the thermodynamics of Zr/O and other relevant 

systems[96, 97] 

2.2.2.2 Electrochemical corrosion of zirconium alloys 

Different forms of corrosion such as; pitting, stress corrosion cracking, galvanic 

corrosion, crevice corrosion, and fretting corrosion can occur on zirconium and its 

alloys[99].  Electrochemistry is the most commonly used method for the study of 

corrosion behaviour of metals.  The polarisation curve, Figure 2.2-17[100], of the 

T, K 
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working electrode (as anode) in an electrochemical test illustrates of the corrosion 

behaviour.   

 

Figure 2.2-17 Schematic anodic polarisation curve for a metal[100] 

With an increasing of potential, several phenomena could be observed.  When the 

potential displaced slightly (usually less than 10mV) from the corrosion potential, Ecorr, 

a linear relationship between dE and di can be found[101, 102].  The slope dE/di is 

termed of polarisation resistance, noted as Rp. 

                                                      𝑅𝑝 = 𝑑𝐸/𝑑𝑖                                    Equation 2.2-7               

As the potential displacement increases, the polarisation curve will deviate from the 

linear relationship until the Tafel region[102], AB in Figure 2.2-17, where the potential 

exhibits linear dependence on the logarithms of current i, 𝑙𝑜𝑔𝑖.   

                                                     𝐸 − 𝐸𝑟 = 𝑖0 + 𝑏𝑙𝑜𝑔𝑖                           Equation 2.2-8 
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where E is the observed potential; 𝐸𝑟  is the reversible potential; 𝐸 − 𝐸𝑟  is the over-

potential; 𝑖0 is the current density; b is the Tafel slope which is related with the kinetics 

of corrosion. 

The formation of a passivation film begins at point B, which is called the passivation 

potential Epp, until an equilibrium thickness is reached at C, Flade potential EF[100, 

102].  After the formation of the passivation film, for some metals such as zirconium, 

localised breakdown of the film, especially by chloride ions, could be observed as 

evidenced by JK[103].  If the breakdown of the film is not observed, then some solution 

oxidation (GH) or transpassivity (DE) occurs, during which the oxidation of solution or 

passivating oxide to a soluble substrate take place[100].  

As for zirconium and its alloys following the formation of a very thin oxide film, pitting 

corrosion in chloride solutions will be observed,  due to Cl- which will act as an 

absorbable anions hindering the passivation film formation on the surface of zirconium 

and its alloys[104].  A typical polarisation curve and surface morphology after corrosion 

is given in Figure 2.2-18[105].   

 

Figure 2.2-18 Typical polarisation curve and corrosion morphology on zirconium alloys[105] 

It should also be noted that fretting corrosion as one form of tribocorrosion, which is a 

combination effect of wear and corrosion occurring on surfaces where rubbing or 
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impacting exists[106, 107], is often observed in tribochemical applications.  Figure 

2.2-19 shows the tribocorrosion contact of two metallic surfaces, which includes 

electrochemical activity of the wear debris with the contacting surfaces and material 

transfer between contacting surfaces which can radically change the composition of the 

surface and the wear and corrosion resistance of that surface[108].   

During this process, corrosion and wear may accelerate each other.  The tribocorrosion 

mechanisms involves the properties of contacting materials surfaces, the mechanisms of 

contact and the corrosion conditions[108]. Therefore, due to their complexity they are 

still not fully understood[106]. 

 

Figure 2.2-19 Schematic diagram of tribocorrosion contact of two metals[106] 

2.2.2.3 Factors affecting corrosion of zirconium alloys 

The environment plays an importance role in the corrosion of zirconium alloys.  As 

investigated by Cox [98] zirconium is oxidized quicker in air than in pure oxygen due to 

the acceleration effect coming from the nitrogen element[109].  When in contact with 

stainless steel or nickel alloys, zirconium alloys tended to be more corroded, which is 

attributed to galvanic effects[110].  The effect is also evidenced by handle "shadows" 

appearing on fuel channel[109]. 
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The presence of alloying elements and common impurities including; iron, nickel, 

copper, etc. are proved to promote the nodular corrosion. This may lead to quick local 

cladding thinning and eventually causes increase in the rate of hydrogen uptake and 

increase in concentration of zirconium oxide particles migrating into the coolant[44, 111, 

112]. 

Under mechanical loadings, corrosion of zirconium alloys will be accelerated because 

of the combination of the effects from both wear and corrosion[113].  

2.3 Oxidation of zirconium alloys 

2.3.1 Zr-O phase diagram 

As mentioned earlier, zirconium has a high affinity with oxygen.   When dissolved in 

zirconium matrix, oxygen will stabilise the α phase, as shown in the zirconium-oxygen 

binary phase diagram in Figure 2.3-1[21].  The equilibrium solid phases in Zr-O 

diagram at 1 bar are bcc-Zr (β-Zr), hcp-Zr (α-Zr) and non-stoichiometric compound 

ZrO2-x (x ≤ 0.44).  The α-Zr phase dissolves oxygen interstitially up to 35 at% at 

eutectic temperature 2338 K, while β-Zr has a maximum oxygen solubility of 10.5 at% 

at the peritectic temperature 2128 K.   

It is also shown that ZrO2-x exists in three crystallographic forms depending on the 

temperature: at low temperature (T < 1478K) a monoclinic phase α-ZrO2-x exists; at an 

intermediate temperature (1478K < T < 1798, 2650K depending on the oxygen content) 

a tetragonal phase β-ZrO2-x exists; and at a high temperature a cubic phase γ-ZrO2-x 

exists.  Table 2.3-1 lists the main phase transformations found in the Zr-O system.  The 

phase transformation from β-ZrO2 to α-ZrO2 is a martensitic transformation, which is a 

diffusionless process[25].   
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Figure 2.3-1 Phase diagram of the Zr-O system[21] 

Table 2.3-1 Main phase transformations in Zr-O phase diagram 

Reaction Temperature Reaction type 

L + α-Zr ↔ β-Zr 2243K Peritectic 

L ↔ β-Zr 2128K Melting 

L ↔ α-Zr 2403K Congruent 

β-Zr ↔ α-Zr 1136K Allotropic transformation 

L ↔ α-Zr + γ-ZrO2-x 2338K Eutectic 

γ-ZrO2-x ↔ α-Zr + β-ZrO2-x 1798K Eutectoid 

β-ZrO2-x – α-Zr – α-ZrO2-x 1478K -- 

γ-ZrO2-x ↔ β-ZrO2-x 2650K Congruent 

β-ZrO2-x ↔ α-ZrO2-x 1478K Congruent 
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2.3.2 Oxidation kinetics 

Depending on the oxide film formed on zirconium and its alloys, oxidation can be 

divided into uniform oxidation and nodular oxidation[97].  As for uniform oxidation, 

the weight gain kinetics of zirconium and its alloys usually fall into two periods 

colloquially referred to as pre- and post-transition[98, 114].  Normally, the oxidation of 

zirconium and its alloys can be described by the rate law, which is shown in Equation 

2.3-1.  

                                                         Δm=k𝑡
1

𝑛                                         Equation 2.3-1 

Δm: the mass change during the reaction period; t: the reacted time; n: the order of 

reaction. 

The n value is 1, 2, 3 for  the linear, parabolic and cubic reactions respectively[115].  

The linear oxidation is also called “breakaway” oxidation.  Time to break away is 

considerably less in air than in oxygen and also decreases with increasing 

temperature[98].  Research shows that smooth surfaces have a positive effect on 

delaying the breakaway oxidation time[116].   

According to oxidation kinetics, the oxidation mechanism is classified into pre-

transition mechanism, breakaway mechanism and post transition mechanism[97, 98].   

2.3.2.1 Pre-transition oxidation 

It was believed initially that the pre-transition period was controlled by oxygen ion 

diffusion through the oxide layer[98, 115].  However, experimental results show an 

exponent less than 0.5 for the majority of zirconium alloys, which is not in agreement 

with the oxygen diffusion control where it would give a parabolic dependence with time.  
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It has been concluded that the rate control process is the electron transportation as a 

positive potential was measured across the oxide[117].  Different effect on the electrical 

conductivity of the oxide leads to the difference in oxidation behaviour e.g. the n 

exponent for Nb and Sn containing alloys in the pre-transition period is 0.45 and 

0.25[118] respectively.  On the other hand, β-Zr is reported to be oxidised quicker than 

α-Zr[119], as a result the oxidation rate of Zr-2.5Nb could be accelerated by the β-Zr 

phase.   

Figure 2.3-2[97] is a schematic diagram showing the formation of pre-transition 

oxidation.   As mentioned earlier, the reaction is an oxygen inward diffusion process 

with the reactions given in Equation 2.2-5 and equation 2.2-6.  During reaction, the 

oxygen diffuses through the grain boundaries.  The resultant phase composition is 

monoclinic ZrO2 changed from tetragonal [120-122].  The metal/oxide interface is made 

up of zirconium oxide which is composed of amorphous and substoichiometric oxides, 

with the amorphous state nucleating to crystalline as the oxidation reaction 

progresses[123].   Microstructure observation shows that the monoclinic oxide formed 

on the oxide scale has a columnar crystalline structure, and the columnar width, 

generally of nanometres, increases with film thickness[124].  The intermetallic particles, 

such as Zr-Fe-Ni, remain in a metallic state [109]. 
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Figure 2.3-2 Schematic diagram of oxide film on Zircaloy-2 and the process occurring in it 

during oxidation[97, 98] 

2.3.2.2 Transition oxidation 

The transition process or breakaway oxidation process is indicated by the formation of 

porosity in the previously impervious oxide film.  The oxidation rate changed to linear 

following the transition, and during this period, lateral cracks parallel to the oxide/metal 

interface begin to appear.  At the same time fine pores probably at the grain boundaries 

starts to form a network within the oxide[98, 122].  This is accompanied by an effective 

reduction in the protectiveness of the oxide film.  There are two main explanations for 

the formation of the porosity.  As mentioned earlier, tetragonal ZrO2 was first formed, 

and then transformed into monoclinic ZrO2.  The t-ZrO2 → m-ZrO2 transformation, 

which is martensitic (diffusionless), is accompanied by a large (3%~5%) volume 

expansion which is sufficient to exceed elastic and fracture limits even in relatively 

small grains of pure ZrO2, thus leading to cracking[25].  The other is because of the 

volume increase from metal to oxide.  The Pilling-Bedworth Ratio for zirconium is 
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1.56[125], which indicates that a compressive stress generated in an oxide scale keeps 

growing with the continuing oxidation reaction [126].  And hence it would cause scale 

cracking and spallation, directly affecting the maintenance of the protective oxide layer. 

2.3.2.3 Post-transition oxidation 

The post-transition period, which may also be called ‘break away’ oxidation, is 

characterised by the linear oxidation of zirconium.  During this period, the oxide film 

would develop a pore and crack structure hence losing its protectiveness.  This linear 

oxidation kinetics, as suggested, is an average of different oxidation rates on different 

surface locations[127, 128].  The whole reaction is a cyclic process[128], and the post-

transition process will continue until the next cycle begins.   

It should also be noted that there is a colour change linked with the thickening of the 

oxide layer from black / dark grey in pre-transition period to patchy grey / beige in 

transition stage[129, 130].  Post transition oxides are reported to be completely beige in 

colour[130].  .   

2.3.3 Oxide microstructure  

The microstructure of the oxide film formed on surfaces is of great importance to the 

tribological and corrosion properties of zirconium alloys.  X-ray diffraction (XRD), 

Raman spectroscopy and Transmission Electron Microscopy (TEM) observations have 

shown that the oxide film consists of mainly monoclinic phase, with a minority of 

tetragonal phase [131-137].  A high tetragonal phase fraction is also reported when it is 

close to the metal/oxide interface, together with a decrease in tetragonal phase towards 

the surface due to the martensitic transformation from tetragonal zirconia to monoclinic 

zirconia.   
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A suboxide layer with a composition close to ZrO has been observed at the metal/oxide 

interface.  Figure 2.3-3[137] gives a typical Electron Energy Loss Spectroscopy (EELS) 

line scan which depicts a Zr/O ratio of 1 at the distance of 50 ~ 100 nm.  The 

appearance of this suboxide layer varies and has been reported to disappear during 

transition[137].  Besides the suboxide, there is an oxygen dissolved region, with the 

oxygen content varying from 0 ~ 30 at%, existing under the suboxide[97, 138].   

Three different structures are reported to be observed at the oxide and metal/oxide 

interface via TEM and Transmission Electron Backscatter Diffraction (t-EBSD) 

observations.  As revealed, the outmost layer is mainly made up of small equiaxed and 

randomly oriented oxide grains, underneath which are columnar grains distributed 

vertical to the oxide/metal interface[136, 139, 140]; while on the metal/oxide interface 

there are three different observed structures: an equiaxed monoclinic structure, an 

amorphous oxide, and columnar oxide with both monoclinic and tetragonal 

structures[139].   

 

Figure 2.3-3 EELS scan of Oxide layer formed on ZIRLOTM alloy[137] 

Cracks and porosity formed in the oxide are important to consider as they provide fast 

diffusion channels for different species[141] and accelerate the degradation of 

zirconium alloys as the boundary diffusion coefficient is reported to be 108 times greater 
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than that of bulk diffusion[131].  SEM observations, shown in Figure 2.3-4, have 

revealed periodic lateral cracking in thick oxides[140].  If they are not interconnected, 

these lateral cracks would not provide fast tracks for oxygen diffusion, as in the case 

with thin oxide films[142].  On the other hand, the porosity, usually around the grain 

boundaries, is also observed.  The intergranular porosity grows as the oxide film 

becomes thicker and becomes fully connected in the direction of growing i.e. away from 

the interface.  It has been suggested that the second phase particles which remain un-

oxidised[97] and have different volume expansion rate compared with the oxidised 

zirconium could provide nucleation sites for the developing and propagation of these 

lateral cracking features[143].  However, the reason for the formation of cracks and 

porosity, either because of the second phase particle or the introduction of compressive 

stress or the martensitic phase transformation still remains unclear.   

As previously described, the whole oxidation process is cyclic, and as a result, the oxide 

layer is a multi-layered structure, as shown in Figure 2.3-5, separated by small lateral 

cracks and its surrounding nanometre sized equiaxed tetragonal oxide[136].   

 

Figure 2.3-4 Cross sectional SEM images of oxide formed on zirconium alloys showing 

cracking parallel to the metal/oxide interface[140] 
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Figure 2.3-5 Band contrast maps of oxide film formed on (a) ZIRLOTM (b) Zr-1.0Nb-0.1Fe, 

showing multi-layered oxide[136] 

2.4 Surface engineering of zirconium alloys 

2.4.1 Introduction of surface engineering 

The methods used to improve the tribological performance of zirconium alloys, besides 

the changing of contacting conditions, can be generally divided into three groups, 

change of design, adoption of lubrication and the application of surface 

engineering[144].  For zirconium alloys used in nuclear and medical purpose, the use of 

lubrication will cause contamination or inflammation.  Some efforts have been done on 

changing the design of spring shapes on the fretting wear behaviour of nuclear fuel 

rod[86], research has shown that the wear behaviour under dry conditions are 

considerably affected by the spring shapes.  However, most of the efforts are still 

focused on the use of surface engineering techniques.  Surface engineering has been 

proven to be an effective method of enhancing the properties of the surface and near 

surface areas of materials.  It can be generally classified into two types, surface coating 

and surface modification.   

(a) (b

) 
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Surface coating processes change the surface properties of a material by depositing a 

thin coating onto the substrate.  Normally, there is an obvious boundary between the 

coating and the substrate because of their respective differences in chemical 

composition, crystal structure and mechanical properties, which leads to deboning 

problems.  Surface modification processes can introduce new elements and change the 

microstructure of the surface.  No deboning will occur due to nonexistence of the 

boundary between the layer and the substrate.  Typical differences between surface 

coating and surface modification are shown in Figure 2.4-1.  Lots of Attempts have 

been made to improve the tribological and biological properties of zirconium and its 

alloys [145-152], which will be detailed in this section.     

 

Figure 2.4-1 (a) Surface coating: a layer of different material is added to the surface; (b) Surface 

modification: surface composition and/or microstructure is modified.   

2.4.2 Surface coating of zirconium alloys 

Various surface coating techniques have been used in order to increase the surface 

properties of zirconium alloys, including vapour deposition, electrochemical plating, etc. 

Most vapour deposition methods utilise the deposition of a zirconia or zirconium nitride 

film on Co-Cr[153, 154], aluminium[155], etc. materials.  Regarding the deposition 

onto a zirconium alloy, a recent study carried out by L. Wang, X. Hu etc[156] reported 

that a zirconia coating in a range of 7-15μm was formed on the surface.  

(a) (b) 
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Characterisation of the coating found that not only did the wear resistance increase but 

also that the corrosion resistance remained.   

A. W. Batchelor etc[157] deposited a molybdenum disulphide coating on zirconium 

roping wire to combat fretting and wear.  Results showed that the performance of the 

molybdenum disulphide coating was dependant on the coating thickness.  Thicker films 

performed better than thinner films, but overall were less durable when compared to 

laser surface alloying (LSA) treated ones. 

Copper, nickel and iron electroplating on zirconium have been well studied.  As such 

methods are well described for producing an adherent electroplate.  Research has shown 

that the bonding can reach as high as 50000psi (modulus of rupture)[158].  However, 

most studies have been directed towards the corrosion resistance improvement.  Due to 

the restriction of electrochemical processes, only electricity conductive materials could 

be plated.  Hafnium, zirconium, and Zr alloys are difficult to coat with an adherent 

electroplate because they form a tenacious oxide film in both air and aqueous 

solutions[159].   

The problem of surface coating technology is the poor bonding strength between 

substrate and coating due to the flat lamella microstructure which contains many voids 

and defects resulting in a high thermal insulation and crack formation[160].   

2.4.3 Surface modification of zirconium alloys 

Another approach to improve the surface properties of a material is to produce a 

strengthened surface layer within the substrate by surface modification.  Due to the 

advantageous eliminating the bonding between substrate and modified surface, many 
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efforts have been made on zirconium alloys by ion implantation, laser assisted treatment, 

and thermochemical electrochemical methods etc.   

2.4.3.1 Ion implantation 

Ion implantation is a materials engineering process by which ions of a material are 

accelerated in an electrical field and impacted into a solid.  Elements e.g. Yttrium, 

lanthanum, molybdenum are commonly used for the improvement of the corrosion 

resistance of zirconium alloys [161-163].  While nitrogen ions are implanted for 

tribological property enhancements.   

Research shows that high dose nitrogen implantation into zirconium improves its 

mechanical properties, such as friction, wear, fatigue, hardness, etc.[164, 165].  In some 

cases, the microhardness improvement can be greater than 80%[165].  The coefficient 

of friction was found to be decreased and wear resistant improved.  The nitride film 

generated by ion implantation is very sensitive to the ion dose and the substrate 

temperature during implantation.  When the nitrogen implanted Zircaloy-4 exposed to 

high-temperature water, ZrN layer would be decomposed by oxygen diffused from 

water[166].  Moreover, from the depth profile of nitrogen implanted samples, the 

thickness of the modified surfaces could only reach less than one micrometre.   

2.4.3.2 Laser assisted surface treatment 

Laser processing of metal systems[167] is a technique where a small volume of surface 

of materials is melted by the high temperature generated by a laser beam.  The melted 

zone is rapidly quenched at a rate of 105 to 108 °C/s by the substrate metal, producing 

fine-grain, microcrystalline, and metastable structures.  After laser processing, the 

treated surface has three metallographic zones: the melt zone, the heat-affected zone and 

the unaffected base metal[168].  Laser assisted surface treatment can be generally 

http://en.wikipedia.org/wiki/Materials_engineering
http://en.wikipedia.org/wiki/Ion_(physics)
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divided into two groups, laser surface melting (LSM) and laser surface alloying (LSA).  

The only major difference between them is that for laser surface alloying, the alloying 

elements are introduced into the surface layer during process.   

Laser surface melting was reported to improve surface properties of zirconium alloys, 

such as corrosion in acid solutions, microhardness, and wear resistance[167-171].  

Normally, the laser beam will generate a molten pool of a few hundred micrometres 

deep[172] depending on the beam intensity.  The treated surfaces exhibit resolidified 

regions with several different microstructures, including ultrafine martensite[168].  

Laser treatment without alloying was found to have little effect on friction[157].   

LSA of zirconium alloys with elements of niobium, nickel or chromium powders 

produced a surface that was chemically homogeneous.  LSA of zirconium alloys with 

niobium [172] it was found that the laser surface alloying provided a more durable 

friction reduction than PVD coatings, and that microhardness of zirconium alloys was 

increased by LSA with Nb, due to three factors; solid solution hardening with Nb, 

grain-size refinement by rapid cooling, and transformed β phase.  However, the 

corrosion resistance of laser alloyed Zircaloy-4 was found to be reduced in steam at 

400°C, a result of the formation of β-Zr phase and Zr hydrides.   

Laser assisted treatments normally induce localized high temperature, distortion at high 

temperatures, and the formation of Zr-hydrides, which are the main technical limitations 

of laser assisted treatment.   

2.4.3.3 Thermochemical and electrochemical methods 

Thermochemical and electrochemical methods have also been investigated for the 

tribological improvement of zirconium alloys.   
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Electrochemical surface nitriding of zirconium alloys can form a ZrN layer on the 

outermost part of Zr electrode surfaces.  The thickness and nitrogen concentrations at 

the nitrided layer increased as the applied potential was made more positive[145], which 

indicated that the concentration of nitrogen in the nitrided layer could be controlled by 

the applied potential.  Nitriding of zirconium and its alloys can produce a high wear 

resistant surface while retaining its good corrosion resistance[145].   

Anodizing is an electrochemical process used to produce a dense oxide layer on a 

materials surface.  The voltage applied determines the thickness of the formed layer.  

With increasing thickness, the surface layer changes to gold, then red, green, blue and 

black[159].  On the other hand, this technique is can also be adopted as a method to 

enhance metallurgical preparation[173].  However, anodizing can only produce a very 

thin surface oxide film with limited protection to surface wear.   

Zirconium oxidation has been extensively studies.  However, it was addressed more as a 

problem rather than a surface modification method to improve tribological properties.  

Zirconium forms a visible oxide film at about 200 °C[174].  When heated in air, the 

reaction is primarily with oxygen rather than nitrogen.  During oxidation, a surface 

containing a large amount of flakes forms[175].  The lower the temperature, the smaller 

the flake size will be.  Plasma oxidation uses plasma, the forth state of matter, to 

bombard the substrate surface by ionized oxygen ions.  Several variables will affect the 

plasma oxidation process: the magnitude of the voltages, temperature, gas pressure and 

composition, electrical potential of the substrate as well as the location of the metal 

within the chamber during the treatment.  However, the major concern for plasma 

oxidation is that the treatment also causes detrimental oxidation on the equipment used.   
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There is often an obvious boundary between the surface oxide layer and zirconium 

substrate; however, with well controlled thermal oxidation conditions a diffusion-

bonded “high-quality” film on Zr alloys can be formed[176].  Some preliminary work 

has been reported on thermal oxidation or ceramic conversion of Zr alloys[115, 177].  

However, no systematic investigation has been conducted.   

2.4.4 Ceramic conversion treatment and hybrid treatment 

Ceramic conversion (CC) treatment is a new cost efficient and environmentally friendly 

surface engineering technique that was first developed by and H. Dong mainly for 

titanium based alloys in 1990s.  After CC treatment, a ceramic oxide layer is formed on 

the surface, and an oxygen diffusion zone (ODZ) beneath the oxide layer.  Research has 

shown a combined improvement in tribological, anti-corrosion and biocompatible 

properties.  This is due to the high hardness and attractive characteristics of the titanium 

oxide ceramic, as well as the ODZ’s effect of hardening the material together with 

significant improvements in its load bearing capacity[62, 75, 178, 179].  Up to date, the 

CC treated titanium alloys have been industrially used in automotive and off-shore 

industries.   

In addition to titanium based alloys, zirconium alloys can also be CC treated to improve 

their tribological properties[130].   For example, CC treated Zr702 and Zr705 were 

corrosion wear tested at 3.5 wt% NaCl solution.  Results showed that the ceramic layer 

mainly composed of monoclinic ZrO2 with trace amount of tetragonal ZrO2 exhibited 

the best anti-corrosion wear resistance when treated at 600 °C for 10 hours and 3 hours 

for Zr702 and Zr705 respectively.  Both samples have a thickness of about 5 µm.   
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Figure 2.4-2 Cross-sectional SEM images of Zr702 after treated at 600°C for 30hours [130] 

However, the hardened case for zirconium alloys is generally thin (< 1 µm) as shown in 

Figure 2.4-2.  In order to increase the load bearing capacity, a deep-case hardening 

through oxygen boost diffusion (OBD), invented by Dong et al.[180] is introduced.  

Hence, a duplex treatment, either a two-step (CC+OBD) or three-step process 

(CC+OBD+CC), can be adopted.  Both approaches have been studied[181] and 

exhibited high adhesion between the substrate and the oxide scale.   

For the two-step treatment, V. Pawar et al. from Smith and Nephew Inc. [182] 

conducted an vacuum annealing at 685 °C for 10 hours is processed following the air 

oxidation with an oxide layer of about 5µm.  After the treatment, the thickness of the 

diffusion zone was at least 10 times greater than that of the oxide layer straight after 

annealing.  The critical load to trigger the crack was found to increase from 1.28 for 

undiffusion boosted sample to 2.07.   
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Figure 2.4-3 HRA indents for adhesion class measurements after treatments[181] 

M. Reif, F. Scherm and U. Glatzel et al.[181] used a three-step process: sample was 

initially oxidized in air, then completely deoxidized in a vacuum furnace to achieve a 

fully oxygen dissolution layer, the surface of which will be oxidized in a 3rd step.  The 

optimised condition to improve the adhesion between substrate and oxide layer is 

oxidation 600°C/1h, deoxidation 700°C/12.5h and 600°C/1.5h as shown in the 

Rockwell A-scale diamond cone indentation (HRA) test, Figure 2.4-3.   

It should be pointed out that to date most oxidation studies concentrated on Zr-Nb 

alloys, and no systematic work has been conducted on surface engineering of Zircaloy 

alloy (Zr-Sn).   

2.5 Summary 

Zirconium and its alloys are high demanding materials due to their advantageous 

properties such as low thermal neutron absorption cross section, excellent corrosion 



56 

 

resistance to most aggressive environments, good biocompatibility and relatively good 

mechanical properties. However, zirconium and its alloys are also characterised by poor 

tribological properties, which is attributed to their hexagonal closed pack (HCP) crystal 

structure, high chemical activity and metallurgical compatibility, as well as the low 

hardness.  The degradation of zirconium parts is mostly related to wear issues.   

Different surface coating and surface modification methods have been investigated to 

improve the tribological property of zirconium alloys with limited success. Recently 

there are some research directed towards improving wear resistance of zirconium and its 

alloys via surface oxidation; however, more are focused on the oxidation mechanism 

and products in different mediums than on tribological behaviour of the oxidised 

surfaces.  Thus a systematic study on the tribological response of ceramic conversion 

treated zirconium alloys and the wear mechanism involved is needed to identify the 

optimised treatment conditions and advance scientific understanding.   

In addition, all the research to date on thermal oxidation treatment is focused on either 

commercial grades or nuclear grades.  Therefore, this PhD research project was aimed 

to improve the tribological properties of Zr702 (commercial grade) and Zr-Sn based 

Zircaloy-4 (nuclear grade).     
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3 EXPRIMENTAL 

3.1 Materials and sample preparation 

Both commercial grade Zr702 and nuclear grade Zircaloy-4 were used as substrate 

materials for the ceramic conversion (CC) treatment conducted in this work.  Zr702 was 

supplied in the form of plate of ~ 4 mm thickness, while Zircaloy-4 was cuboid shaped 

material with the cross section dimensional of ~ 25 × 30 mm2.  The chemical 

compositions of Zr702 and Zircaloy-4 quoted from supplier’s specifications are listed in 

Table 3.1-1. 

Table 3.1-1 Chemical composition of as-received Zr702 and Zircaloy-4 

       Element 

Material 
Zr+Hf, max Hf, max Fe+Cr, max C, max O, max 

Zr702 99.2 4.5 0.20 max 0.05 0.16 

 

       Element 

Material 
Zr Hf, max Sn Fe+Cr Cr Ni, max O 

Zircaloy-4 97.56-98.27 0.01 1.2-1.7 0.28-0.37 0.07-0.13 0.007 0.09-0.16 

 

Zr702 and Zircaloy-4 were then cut to square samples with a thickness of about 4 mm 

and their dimensions being 20 × 20 mm2 and 25 × 30 mm2 respectively, using a 

StruersAccuton-5 cutting machine.  These samples were wet grounded using silicon 

carbide paper from grit 120 down to grit 1200 and then polished according Struers 

metalog guidance until a mirror-like smooth surface (surface roughness Ra =0.02 µm) 

was obtained.  Table 3.1-2 lists the sample preparation procedures in details.   
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Table 3.1-2 Sample preparation method 

Step Plane Grinding (PG) Fine Grinding(FG) Oxide Polishing (OP) 

Surface Silicon carbide paper MD-Largo MD-Chem 

Abrasive Type size Silicon carbide Diamond 9µm Collodial Silica 0.04µm 

Suspension Water DiaPro Largo OP-S with 10ml H2O2 (30%) 

Speed, rmp 300 150 150 

Forc, N 40 30 30 

Time, minutes Until Plane 5 5 

 

3.2 Surface treatment 

3.2.1 Ceramic conversion (CC) treatment 

After having been polished to a surface finish of Ra = 0.02 µm, the samples were 

cleaned using detergent, followed with acetone by twice, in ultrasonic cleaning machine 

for approximately 5 minutes in each step before treatment in order to remove the 

contaminants on the sample surfaces which may influence the CC treatment outcomes. 

Cleaned samples were then put into an air containing furnace for CC treatment.  The 

heating rate for all of the treatment processes was set to be 8 °C/minutes.  Samples were 

treated at different temperatures varying from 400 °C to 800 °C for 10 hours in order to 

study the temperature effect on the oxidation of Zr702 and Zircaloy-4.  For an 

examination of the treatment time effect, other samples were treated at selected 

temperature, 400 °C, 500 °C, 530° C and 600 °C, for different time periods.  The 

detailed samples codes and process conditions are summarised in Table 3.2-1.  After the 

treatment samples were cooled down with the furnace until room temperature.  At least 

three samples were treated under each condition. 
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Table 3.2-1 CC Treatment codes and conditions of Zr702 and Zircaloy-4 

Materials 

Temperature (°C) Time (hours) 

Zr702 Zircaloy-4 

Zr702-4010 Zry4-4010 400 10 

Zr702-40100 Zry4-40100 400 100 

Zr702-40200 Zry4-40200 400 200 

Zr702-5010 Zry4-5010 500 10 

Zr702-5050 Zry4-5050 500 50 

Zr702-5310 Zry4-5310 530 10 

Zr702-5350 Zry4-5350 530 50 

Zr702-5610 Zry4-5610 560 10 

Zr702-6010 Zry4-6010 600 10 

Zr702-6020 Zry4-6020 600 20 

Zr702-6030 Zry4-6030 600 30 

Zr702-7010 Zry4-7010 700 10 

Zr702-8010 Zry4-8010 800 10 

 

3.2.2 Duplex surface treatment 

In order to increase the load bearing capacity of the engineered Zr alloy surfaces, the 

response of zirconium alloy to oxygen boost diffusion (OBD) process to develop a thick 

oxygen diffusion zone (ODZ) was investigated.  A series of two-step duplex surface 

treatments (CC + OBD) were carried out on Zr702.  After samples CC treated under 

700 °C/10 hours, OBD treatment was carried out in a tube vacuum furnace with varying 

treatment time and temperatures.  The vacuum in the furnace under treatment was 
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controlled at 1× 10-6 Pa at the steady state.  It should also be noted that the vacuum 

dropped slightly but not higher than 10-5 Pa during the whole heating-up period.  After 

the treatment, samples were then cooled down with the furnace.  The corresponding 

treatment codes and conditions are listed in Table 3.2-2.   

In addition, a three-step duplex treatment was also carried out for comparison.  The 

treatment code and conditions are shown in Table 3.2-3.   

Table 3.2-2 Two-step duplex surface treatment codes and conditions 

Sample code OBD 

Temperature, °C Time, hours 

CC7 N/A N/A 

CC7-6010 600 10 

CC7-6030 600 30 

CC7-7030 700 30 

CC7-8030 800 30 

 

Table 3.2-3 Three-step duplex surface treatment codes and conditions 

Sample codes Treatment conditions:  temperature, °C/time, 

hours 

CC+OBD 700/10 + 800/30 

CC+OBD+CC 700/10 + 800/30 + 530/10 
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3.3 Characterisation and property evaluation 

3.3.1 Microstructure characterisation 

3.3.1.1 Preparation of metallographic samples 

For better revelation of the as-received materials’ microstructure, samples were firstly 

polished using the procedure shown in Table 3.1-2.  Precision Etching Coating System 

II (PECS II) (Gatan, UK) was adopted for a finial surface polishing.   The ion polishing 

method is listed in Table 3.3-1.  

Table 3.3-1 Ion polishing method for the as-received zirconium alloys using PECS II 

Procedure Voltage, keV Angle, ° Time, hours 

Stage 1 6 6 1 

Stage 2 1 4 2 

 

Surface morphology observation of treated samples was carried out on the surface as-

treated without any further metallographic preparation in order to have an accurate 

examination of the treated surface.   

In terms of cross sectional observation, samples were first cut and mounted at the cross 

section surface using conductive Bakelite.  Then the samples were grounded and 

polished using the procedures shown in Table 3.1-2.  It should also be indicated that for 

some of the thin surface treated layers, a nickel plating process prior to mounting and 

polishing for protection was carried out.  The experimental set-up used is shown in 

Figure 3.3-1.  
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Figure 3.3-1 Schematic diagram of the nickel plating set-up 

3.3.1.2 Optical microscopy 

Zirconium has an obvious anisotropy thus responding well to polarising light.  In 

addition, crystals with different orientations produce oxidised zirconium with different 

textures and structures, which interfere differently with polarized light.  Hence polarized 

light was used for the microstructure observation of zirconium and its alloys in order to 

increase the contrast.   

A Carl Zeiss polarised microscope was thus utilised for the microstructural examination 

of the as-received Zr702 and Zircaloy-4 materials.  Meanwhile, it was also used for 

surface morphology and the cross sectional microstructural observation of both CC and 

duplex surface treated samples. 

Visual morphology observation of the treated samples was also reported through the use 

of a Fiji digital camera.   

3.3.1.3 Scanning electron microscopy (SEM) 

Scanning electron microscopies, Philips XL-30, JOEL 6060 and JOEL 7000, were used 

for cross sectional layer quality examination of CC and duplex surface treated samples.  
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After load bearing capacity, corrosion and tribological tests, SEM observations were 

carried out as well.   

All of the SEMs employed are equipped with a backscattered detector and Energy 

Dispersive X-ray spectroscopy (EDX).  BackScattered Electron (BSE) images and EDX 

analysis were used for qualitative and the quantitative compositional measurements of 

samples.   

3.3.1.4 Glow discharge optical emission spectroscopy (GDOES) 

Glow Discharge Optical Emission Spectroscopy (GDOES) (Spectruma 650, German) 

test was carried out on all CC and duplex treated sample for the depth composition 

analysis.  Figure 3.3-2 is the schematic diagram showing the principal for the GDOES 

test.  Samples were placed in contact with the cathode during the test, therefore, is 

switched to cathode.  With a high direct voltage (DC) power supply applied between the 

anode and cathode, electrons are generated from the sample surface and accelerated.  

Collision of the electrons with argon then leads to the formation of plasma, a mixture of 

argon cations and electrons.   Acceleration of the argon cations hence induces caused 

the sputtering of atoms from the sample surface.  The knocked out atoms’ collision with 

the plasma therefore releases different emitted light by the returning of the atoms to the 

ground state from the excited state.  The concentration of the elements at a certain depth 

is therefore obtained by analysing the characteristic emitted lights and their intensity.   
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Figure 3.3-2 Schematic diagram showing working principal of GDOES machine[183] 

3.3.1.5 X-ray diffraction (XRD) 

When monochromatic X-ray beam is projected on surface of crystalline lattice, they 

interfere with the diffracted beams coming constructively when they are in phase, which 

gives the X-ray peaks as detected in an XRD scan.  The path difference between the 

incident and diffracted beams, shown in Figure 3.3-3, should satisfy the Bragg’s law: 

                                                        𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                  Equation 3.3-1 

where the incoming beam has a wavelength of λ and an incident angle is θ.   

(a) 

(b) 

(c) 
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Figure 3.3-3 Schematic diagram of Bragg’s law 

The phase constituents of the as-received and treated surfaces were analysed using a 

Philips X’pert X-Ray Diffractometer with a Cu-Kα radiation (λ=1.540598Å) using 25 

mA current and 35 KV accelerating voltage.  A monochromatic X-ray beam was 

projected on the surface of the sample at incident angles from 20° to 60°.  When the d-

spacing, varying with different atom sizes and crystal structures, satisfies the equation, a 

diffraction ray will be generated.  After scanning, the results obtained were analysed 

and indexed using X’ pert High Score Plus V.2 analytical software with database 

PDF2004. 

3.3.1.5.1 In situ XRD 

In situ XRD tests at an elevated temperature of 700 °C on both Zr702 and Zircaloy-4 

were conducted using a Bruker D8 diffractometers.  Samples for in situ test were firstly 

cut into a dimension of 5 × 5 mm2 with a thickness of 3 mm and then grinded and 

polished until a surface finish of 0.02 µm using the procedures listed in Table 3.1-2.  

The prepared sample was then placed into the XRD chamber connected with an air 

cylinder.  The air flow rate was set to be 100 mL/minutes to simulate the air containing 

furnace as carried out for CC treatment.  X-ray scanning was carried out once every 

100 °C at a step size (2θ) of 0.031 ° from 20 ° to 60 ° from room temperature until the 

chamber temperature reached 700 °C and then continuous scans on the sample surface 
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was conducted for at least 10 hours.  It should be noted that when the scanning was on-

going, the chamber temperature was kept temporarily stationary until the scan finished.  

Therefore, the heating up rate of the chamber was set to be 12 °C/minutes for a good 

simulation of CC treatment in the air containing furnace.  After the test, the results 

obtained were analysed using X’pert High Score software as mentioned earlier.  Then 

the phase constituents at different temperatures and times were compared to study the 

phase formation during the surface treatment.   

3.3.1.6 Transmission electron microscopy (TEM) 

Cross sectional Transmission Electron Microscopy (TEM) was carried out on selected 

samples prepared in a cross sectional manner.  The sample preparation method are as 

follows: 

(1) Two slabs each with a dimension of 1.5 × 3 × 0.5 mm3, shown in Figure 3.3-4, were 

cut off from treated surface and glued together using G-1 epoxy (Figure 3.3-5 (a)).  The 

surfaces were facing each other.   

 

Figure 3.3-4 Schematic diagram showing slab cutting from treated surfaces 

 (2) The assembly was mounted to metallic coupon of Gatan Disc Grinder 200 (UK), 

and grinded using SiC paper of grit 1200 on both sides until a thickness of less than 50 
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µm.  The thin assembly was then soaked in acetone for 12 hours to clean and parted into 

two slides.  A schematic diagram is shown in Figure 3.3-5 (b).   

 

Figure 3.3-5 Schematic diagram showing (a) glued and (b) detached slabs 

(3) Tungsten was then coated onto one of the two thin slide in order to protect the 

integrity of the surface layer before Focused Ion Beam (FIB) was used for milling the 

thin slide into a thickness of less than 100 nm. The SEM image of obtained sample for 

TEM is shown in Figure 3.3-6. 

 

Figure 3.3-6 SEM images of FIB ion milled sampled prepared for TEM 
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A JOEL JEM-2100 LaB6 transmission electron microscope (Japan), fitted with Oxford 

Instruments (UK) and Gatan CCD camera (UK), was used for the characterisation of 

phase constituent and microstructure of coatings under 200 kV. 

3.3.2 Mechanical property measurement  

3.3.2.1 Microhardness and load bearing capacity 

Microhardness of treated sample was measured using a Vickers’ microhardness indenter, 

and the indentation load used varies from 10 g to 500 g.  Figure 3.3-7 shows a hardness 

indent, with its diagonals denoted as dv1 and dv2 respectively.  The average value of the 

two diagonals d* are later used to calculate the hardness value, as shown in Equation 

3.3-2 and 3.3-3.  The unit given by the teat as Vickers Pyramid Number (HV).  P in 

Equation 3.3-3 stands for the indentation load in kgf while 𝐶𝑉  is an indenter shape 

related factor, as shown in Equation 3.3-4.  The included angle θ for Vickers indenter is 

136 °.   

                                                           𝑑∗ =
𝑑𝑣1+𝑑𝑣2

2
                                    Equation 3.3-2 

                                                         𝐻𝑉 = 𝐶𝑉 [
𝑃

(𝑑∗)2
]                                 Equation 3.3-3 

                                                        𝐶𝑉 = 2sin⁡(θ 2⁄ )                                Equation 3.3-4 

 

Figure 3.3-7 A microhardness indent with its diagonals dv1 and dv2 
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At least three indents at the same load with interspacing were measured for each sample 

and then the mean value was calculated and reported, and the standard deviation used 

for error.   

The measured microhardness vs. load graphs of different samples were then plotted and 

compared for load bearing capacity study.  Meanwhile, indents morphology was also 

observed for a study of coating failure mode.   

3.3.2.2 Nanoindentation 

Nanoindentation test was carried out on the surface and different depths on the cross 

section samples to measure hardness and Young’s modulus etc.  A Nano Vantage 

Machine (Micro Material UK) with a pyramidal (Berkvich) indenter was used for the 

nanoindentation tests.  Different from microhardness test in which the hardness is 

calculated from the final size of the indent, a continuous depth recording is utilised in a 

nanoindentation test.  A typical depth vs. load curve at loading and unloading conditions 

is shown is Figure 3.3-8.   

 

Figure 3.3-8 Depth vs. load curve for determination of plastic depth 
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For the unloading data, a power law fit is used, expressed in Equation 3.3-5. 

                                                        𝑃 = 𝑎(ℎ − ℎ𝑐)
𝑚                            Equation 3.3-5 

where a and m are both constants, while 𝑃  and ℎ  stand for the applied load and 

indentation depth respectively. 

The plastic depth ℎ𝑐 is determined by Equation 3.3-6, 3.3-7 and 3.3-8. 

                                                     ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀(𝐶𝑃𝑚𝑎𝑥)                       Equation 3.3-6 

                                                        𝐶 = 𝜋0.5/(2𝐸𝑟𝐴
0.5)                          Equation 3.3-7 

                                              1/𝐸𝑟 = (1 − 𝜈𝑠
2)/𝐸𝑠 + (1 − 𝜈𝑖

2)/𝐸𝑖          Equation 3.3-8 

The value of ε relates to the geometry of the indenter.  For the test carried out, where a 

Berkvich indenter is used, ε=0.75, C is the contact compliance, 𝐸𝑟  is the reduced 

module; 𝜈𝑠 and 𝜈𝑖 are the Poisson’s ratio for the sample and indenter respectively, while 

𝐸𝑠 and 𝐸𝑖 are the Young’s modulus for the sample and indenter respectively. 

The diamond area function 𝐴(ℎ𝑐) is an indenter geometry dependant function, which is 

related with the penetration depth of the indent.  The hardness H is determined from the 

Equation 3.3-9. 

                                                              𝐻 = 𝑃𝑚𝑎𝑥/𝐴                               Equation 3.3-9 

For a good reliability of the test, at least five indentations were carried out at the same 

conditions, and the average value was used.  It should also be noted that the load used 

for the surface nanohardness test was 5 mN for an accurate measurement of the thin 

coatings hardness, while 30 mN was adopted for hardness depth profile so that the 
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indents are big enough for a measurement of distance between sample surface and 

indents. 

3.3.3 Corrosion test 

In order to evaluate the corrosion resistance of the CC and duplex treated samples in 

comparison with the untreated materials, potentiodynamic polarisation tests were 

conducted on both untreated and treated samples in 3.5 wt% NaCl solution using 

Interface 1000-06014 potentiostat from Gamry Instruments (US).  The experimental 

electrochemical cell set up and electrode connections of the corrosion test are shown in 

details in Figure 3.3-9.  The reference electrode (RE), counterpart electrode (CE) and 

working electrode (WE) used in the setting are Hg/Hg2Cl2 (saturated) electrode, 

platinum coated rod and the tested sample respectively.   

 

Figure 3.3-9 Schematic diagram showing electrochemical cell electrode connections (a) and 

cross section (b) of set-up for potentiodynamic polarisation test 

For each test, 250 mL of 3.5 wt% NaCl solution was added into the cell with the 

temperature maintained at 25 °C.  The Open Circuit Potential (OCP) would be running 

and recorded for 3600s before potentiodynamic polarisation scan.  The sweep was 
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performed at a scanning rate of 1 mV/s with sample period of 1 s from -0.2 V vs. EOCP 

to 1.5 V vs. EREF.  The sample was attached to the electrochemical cell through a rubber 

O-ring using a screw fastened at the bottom, as shown in Figure 3.3-9 (b).  The tested 

area is 0.503 cm2.   

The results obtained were analysed using Gamry Echem Analyst software for the Ecorr, 

icorr values and etc.  Each sample was tested at least three times for reliability and 

repeatability.   

3.3.4 Surface roughness and tribological test 

3.3.4.1 Surface roughness 

A stylus profilometer, Ambios XP-200 (USA), was used for the surface roughness 

measurement of both as-received and treated samples. The whole equipment is placed 

on an air-cushioned table for anti-vibration purpose.  During the test, the stylus scans 

the sample surface for a length of at least 0.5 mm is run through the surface with a 

maximum contact force of 10 mg.  A test result of Ra roughness value was given in the 

end at the data analysis window.  At least three repeated measurements were conducted 

for each surface, and then the average value was calculated and reported.  The standard 

deviations of measured values for the samples was used as the errors.   

3.3.4.2 Reciprocating wear test 

In order to evaluate the wear resistance of the surface treated samples, a reciprocating 

ball-on-disc sliding wear tester was used.  A schematic diagram of the tester is shown in 

Figure 3.3-10.  The tests were carried out at room temperature at dry/unlubricated 

conditions.  During the tests, the untreated and surface treated samples were mounted on 

a sample holder sliding against a 12.5 mm diameter WC/Co ball, with a stroke length of 
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5 mm at a frequency of 0.92 Hz for 30 minutes.  The counterpart ball contains 94 % 

tungsten carbide and 8 % cobalt.  According to the product specification, the ball has a 

Vickers’ hardness of 1500 HV and the Elastic/Young’s modulus is 629 GPa.   

The contact radius and the maximum Hertzian pressure could be calculated out using 

Equation 3.3-10 and 3.3-11 respectively[184, 185].  

                                                𝑎 = √
3𝐹

8

(1−𝜈1
2)/𝐸1+(1−𝜈2

2)/𝐸2

1/𝐷1

3
                  Equation 3.3-10 

                                                           𝑝𝑚𝑎𝑥 =
3𝐹

2𝜋𝑎2
                                Equation 3.3-11 

Where a – contact radius; 𝐷1 – the diameter of the ball;𝜈1, 𝜈2 – the passion ratio of the 

ball and plane material respectively; 𝐸1, 𝐸2 – the elastic/Young’s modulus of the ball 

and plane material respectively; 𝑝𝑚𝑎𝑥 – the maximum Hertzian pressure.   

 

Figure 3.3-10 Schematic diagram of the reciprocating wear tester 

Different loads, resulting in different Hertzian contact pressures, were used to evaluate 

the anti-wear performance of surface treated samples.  Each test was repeated at least 

three times.  The wear volume loss of tested samples was obtained by employing 3D 

profilometer (Ambios XP-200 stylus profilometer), as used in the surface roughness test, 

for a cross sectional scanning of the wear track.  This measured cross section area is 

F 
Sliding directions 
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noted as As, which is then multiplied by the wear track length (L) to calculate out the 

wear volume loss.   

                                                    𝑉𝑙 = 𝐴𝑠 × 𝐿                                      Equation 3.3-12 

Wear rate was then calculated by dividing the wear volume loss by normal load.   

                                                     𝑅 = 𝑉𝑙/𝐹                                        Equation 3.3-13                           

On each sample the wear test was carried out for at least three times for accuracy and 

repeatability.  The standard deviation is used as the error.  In addition, wear tracks were 

cleaned thoroughly using acetone for post wear examination by SEM and EDX.  The 

combined results are used for wear mechanism analysis.   

3.3.4.3 Coefficient of friction 

A multi-axis tribological tester (Phenoix TE-79) was employed for the Coefficient of 

Friction (COF) characterisation of samples.  The machine is controlled by the Compend 

200 software.   

The sample and the counterpart ball WC/Co inch ball were mounted onto their 

respective holders.  The tribological pair were then put into contact gently.  Tests were 

run at a programmed speed with an amplitude of 5mm under different normal load of 20 

N for 100 cycles.  The Hertzian pressure was calculated out with the same method 

mentioned in section 3.3.4.2.  A friction coefficient vs. time graph was obtained at the 

end of the test and the steady friction coefficient value was taken in the end.  The tests 

were repeated at each condition for at least three times to ensure repeatability.   
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3.3.4.4 Fretting wear test 

Fretting wear test was carried out on sample Zry4-UN and Zry4-5310 due to Zircaloy-

4’s wide application in nuclear industry.  Tests were carried out at Southwest Jiaotong 

University (China) using a fretting wear tester, schematic diagram shown in Figure 

3.3-11.  As it shows, for an accurate control of the small movement, precision-screw 

control unit was used.  During test, the WC/Co ball was used as the counterpart ball 

because of its high hardness.  Tested sample were placed at a normal load of 10 N.  The 

fretting amplitude is 40 µm, with the frequency of 5 Hz.   

The friction coefficient changes were recorded throughout the test, together with the 

load vs. displacement loop at cycle 1000 and 10000.  In addition, wear volume loss of 

tested samples was obtained by Bruker profilometer.  Post fretting scars were observed 

under optical microscopy for the wear mechanism analysis.   

 

Figure 3.3-11 Schematic diagram of fretting test machine: (1) piezoelectric ceramic actuator; (2) 

test fixture; (3) force transducer; (4) test sample; (5) counterpart ball; (6) precision-screw 

controlled transmission unit; (7) displacement transducer.   
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4 EXPERIMENTAL RESULTS 

As described in the experimental chapter, a series of CC treatment and duplex treatment 

were designed and conducted on zirconium alloys, i.e. Zr702 and Zircaloy-4, to identify 

the optimal heat treatment conditions (time and temperature) for anti-wear and anti-

corrosion applications.   

In this chapter, the experimental results will be presented in following sections.  

Microstructure of as-received zirconium alloys (Zr702 and Zircaloy-4) was firstly 

described in Section 4.1.  Sections 4.2 and 4.3 report the layer characteristics of the 

modified surfaces (CC treated and duplex treated samples respectively): including 

surface morphology, surface roughness, composition depth profile, microstructure and 

phase constituents.  Section 4.4 presents the mechanical properties such as surface 

hardness and the hardness depth profiles, together with load bearing capacity.  The 

corrosion properties and tribological properties of surface treated samples are reported 

in Sections 4.5 and 4.6 respectively.   

4.1 Microstructure of as-received materials 

Microstructure observation of as-received materials, Zr702 and Zircaloy-4 was carried 

out using a polarised optical microscope, Scanning Electron Microscopy (SEM) and 

Electron BackScattered Diffraction (EBSD).  The obtained images of Zr702 and 

Zircaloy-4 are shown in Figure 4.1-1 and Figure 4.1-2 respectively.   

 



77 

 

 

Figure 4.1-1 Microstructural images of as-received Zr702 using (a): polarised microscopy, 

showing equiaxed grain microstructure; (b): SEM; (c): EBSD phase mapping depicting the 

average grain size of about 8 µm, black spots standing for unidentified phases 

a 

c 

b 
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Figure 4.1-2 Microstructure of as-received Zircaloy-4, (a): polarised microscopy; (b): SEM; (c): 

EBSD phase mapping image showing an average grain size of about 15 µm, black spots 

standing for unidentified phases 

C 

a 

b 
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As has been mentioned in Section 3.3.1.2, crystals with different orientations are 

demonstrated in different colour in the polarised microscopy images.  From Figure 

4.1-1 (a) small equiaxed grains microstructure can been noticed on as-received Zr702 

alloy, though grain boundaries were not clearly depicted due to the close orientation of 

adjacent grains which, therefore, induces similar colour under polarised light.  Image (b) 

obtained from SEM, however, only shows an ion etched metal surface with ion 

sputtering marks, hence, no microstructure features were revealed.  Grains features are 

then better illustrated in Figure 4.1-1 (c) from the EBSD phase mapping image.  Single 

phase Zr was identified and shown in the image.  The black dots stand for the 

unidentified phases.  The INCA grain analysis shows that the equiaxed grain structure 

has a grain size of about 8 µm.  Not any noticeable second phase partible could be 

observed.   

Similar to Zr702, Zircaloy-4 revealed an equiaxed grain structure as depicted in Figure 

4.1-2 (a), (b) and (c) from polarised microscopy, SEM and EBSD respectively.  Image 

(b) from SEM reveals the same ion etched topography of the prepared surface as that of 

as-received Zr702 alloy.  It is evident by combining Figure 4.1-2 (a) and (c) that 

Zircaloy-4 has an equiaxed grain structure with a relatively large grain size of about 15 

µm.   

In order to study the phase constituents, XRD analysis was also conducted on the as-

received samples.  The XRD patterns shown in Figure 4.1-3 reveal that both Zr702 and 

Zircaloy-4 are made up of hexagonal close packed (HCP) zirconium i.e. α-Zr (PDF code 

03-065-3366).   
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It can also be seen that the strongest diffraction peak from Zr702 is (002) plane, while it 

is (101) for Zircaloyo-4, indicating different preferred orientation parallel to the 

measured sample surface.  Meanwhile, besides the strongest peaks identified coming 

from zirconium matrix, a small peak at 2θ position of 32° was detected from Zr702 

samples, which is indexed to be (100) plane of hafnium (Hf) as supported by the fact 

that Zr702 contains about 4.5 wt% Hf (Table 3.1-1).   

As it shows from Table 3.1-1, the main composition difference between Zr702 and 

Zircaloy-4 is that Zr702 contains no tin (Sn) while Zricaloy-4 has about 1.5 wt% Sn, 

which is an α-stabilizer for zirconium.  It should be noted that the Hf and Zr have great 

similarities on both chemical and physical properties hence Zr702 (Zr-Hf) is often 

treated as commercial pure zirconium.  It should also be noted that there have been 

previous reports on secondary phase particles, such as Zr(Fe, Cr)2, in Zircaloy alloys 

which are mainly located at the grain boundaries[186].  However, no such particles 

could be identified in both alloys using either optical microscopy, EBSD or XRD.   This 

is largely because the fraction of Zr(Fe, Cr)2 could be too low(less than 5%) to be 

detected by the X-ray machine used while the resolution of both EBSD and optical 

microscopy is not high enough to resolve such very fine particles.   
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Figure 4.1-3 XRD patterns of Zr702 and Zircaloy-4 as-received materials 

4.2 Microstructure of CC treated samples 

Microstructure of surface CC treated samples were studied using optical and electrical 

microscopy, XRD, SEM, TEM and the corresponding results are reported in this section.   

4.2.1 Surface morphology  

Visual observation, shown in Figure 4.2-1, reveals a surface colour variation on CC 

treated Zr702 samples.  After the treatment, a blueish colour can be observed for sample 

Zr702-4010, then the colour changed to black when increasing the treatment time and/or 

temperature.  Some beige blisters were noticed to appear on the black surface when the 

CC treatment temperature is higher than 700 °C for 10 hours, i.e. Zr702-7010, Zr702-

8010.   

As for Zircaloy-4 in Figure 4.2-2, no blueish surface colour could be observed when 
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black colour for the treatment conditions below 560 °C (500 °C/ 50 hours excluded), i.e. 

Zry4-4010, Zry4-5010, Zry4-5310 and Zry4-5610, which is similar to the colour on 

most treated Zr702 samples.  However, when treated at 600 °C (sample Zry4-6010, 

Zry4-6020 and Zry4-6030), the samples are in dark greyish colour with beige dispersion.  

The same phenomenon was observed on the surfaces of samples Zry4-5050 and Zry4-

5350, but the beige dispersion increased with the increasing of treatment temperature.  It 

should be noted that these beige dispersions are in patches instead of in the blister form.  

In the end, the surface colour changed to fully beige colour when treated above 600 °C, 

i.e. for sample Zry4-7010 and Zry-8010.  In addition, visually noticeable surface cracks 

could be seen especially for Zry4-8010.  It is clear by comparing Figure 4.2-1 with 

Figure 4.2-2 that the beige colour appeared at a lower temperature and/or for a shorter 

time for Zircaloy-4 than for Zr702.   

Further surface morphology observation was carried out using polarised optical 

microscopy.  Selected typical images are presented in Figure 4.2-3 and Figure 4.2-4 for 

Zr702 and Zircaloy-4 samples, respectively.   

As it can be noticed despite the similar black colour (with the exception of Zr702-4010 

sample) of treated Zr702 samples by visual observation, under a polarised microscope a 

structure revelation could be observed for sample when treated at certain conditions, 

especially for the ones treated at 400 °C for 10 hours and 100 hours, as shown in Figure 

4.2-3 (a) and (b).  Both of them revealed a high contrast microstructure with equiaxed 

grains, but in different colour visions.  This phenomenon is similar to heat tinting, 

which is a commonly used complementary technique for the metallographic preparation 

of zirconium alloys, where normally an unmounted chemically polished sample would 
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be put into a small oven for 3 minutes to 10 minutes at 300 ~ 370 °C depending on the 

alloy [187].   After heat tinting sample is able to improve their polarised light capacity 

and the visibility of grain structure can be greatly enhanced for a better microstructure 

revelation.  Different colours were revealed for different grains due to the difference in 

oxide scale thickness on the surfaces caused by their chemical reactivity of the grains 

with different orientation.   

With the increasing of the treatment temperature and time, the difference between 

grains gradually decreases with the typical images shown in Figure 4.2-3 (c) and (d) 

from sample Zr702-40200 and Zr702-5010.  It can be seen that they exhibited similar 

colour on the whole surface with only traces of bright colour.   This is due to the 

relatively thick oxide layer formed on the sample surface.  However, with the keep 

increasing of treatment conditions, some blisters and surface cracks could be noticed on 

the formed ceramic surface, as marked in images shown in Figure 4.2-3 (e) and (f) from 

sample Zr702-7010 and Zr702-8010, respectively. 

Similar phenomena are observed on CC treated Zircaloy-4 samples.  The equiaxed grain 

microstructure was observed only on sample Zry4-4010 (Figure 4.2-4 (a)), while sample 

Zry4-40100 and Zry4-40200 (Figure 4.2-4 (b) and (c)) show typical surface 

morphology with similar surface colour under polarised microscope as similar as Figure 

4.2-4 (d) and (e) from sample Zry4-5010 and Zry4-6010 respectively.  Sample Zry4-

7010 and Zry4-8010, typical image shown in Figure 4.2-4 (f) from Zry4-8010 as an 

example, depict a yellowish colour and large surface cracks.  This yellow colour may be 

related with the beige surface as mentioned in visual observation.  Different from Zr702 

samples, when treated at high temperatures, Zircaloy-4 showed clear grain boundaries 
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as revealed by the dark spots as marked in Figure 4.2-4.    In addition, as it can be 

noticed, for the same phenomena observed, lower CC treatment temperature and/or time 

was needed for Zircaloy-4 than for Zr702 (the same for the visual surface colour 

revelation as aforementioned), which indicates that Zircaloy-4 oxides faster than Zr702.   

 

Figure 4.2-1 Visual observation of CC treated Zr702 samples, showing surface colour variation 

as a function of different conditions 
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Figure 4.2-2 Visual observation of CC treated Zircaloy-4 samples, showing surface colour 

variation as a function of treatment conditions 
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Figure 4.2-3 Optical microscopy images for selected Zr702 treated samples: (a) Zr702-4010; (b) 

Zr702-40100; (c) Zr702-40200; (d) Zr702-5010; (e) Zr702-7010; (f) Zr702-8010 
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Figure 4.2-4 Optical microscopy images for selected Zr702 treated samples: (A) Zry4-4010; (B) 

Zry4-40100; (C) Zry4-40200; (D) Zry4-5010; (E) Zry4-6010; (F) Zry4-8010 
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4.2.2 Surface roughness 

Figure 4.2-5 ~ Figure 4.2-7 demonstrate the surface roughness changes before and after 

CC treatment for both Zr702 and Zircaloy-4 samples.  As reported in Chapter 3 that the 

surface roughness (Ra) of untreated Zr702 and Zircaloy-4 samples were both as low as 

0.02 µm (final surface polishing finish), which generally increased after the treatment 

despite of the treatment conditions.   

When comparing the surface roughness of samples treated at the same temperature of 

400 °C for a time period varying from 10 hours through 100 hours to 200 hours, it can 

be seen from Figure 4.2-5 that with the increasing of treatment time period the surface 

roughness increasing gradually from an Ra value of 0.02 µm for untreated sample to 

0.03, 0.04 and 0.05 µm for Zr702-4010, Zr702-40100 and Zr702-40200 respectively; 

and 0.04, 0.05 and 0.06 µm for Zry4-4010, Zry4-40100 and Zry4-40200 respectively.    

The same increasing tendency on roughness with the increasing treatment time period 

was observed for samples when treated at 500, 530 and 600 °C on as depicted on Figure 

4.2-6 and Figure 4.2-7.  It is clear that when treated under the same conditions, a 

slightly rougher surface was produced on Zircaloy-4 than on Zr702.  As it can also be 

noticed, the surface roughness generally increased only slightly when increasing the 

treatment time period rises for the studied treatment temperatures: the only exception is 

Zircaloy-4 alloy treated at 600 °C (Figure 4.2-6) where a large increase of roughness 

was observed, which agrees with the development of the beige patch dispersion 

variations on the surface (Figure 4.2-2) as reported in section 4.2.1.    

Figure 4.2-8 depicts the surface roughness changes for samples treated for 10 hours at a 

varying temperature from 400 °C to 800 °C.  In general, the surface roughness of treated 

samples increased with the treatment temperature.  At the same time, it can also be 
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found that there is a critical treatment condition beyond which the surface roughness of 

the treated sample will increase significantly.  For Zr702 if the treatment temperature is 

below 700 °C, the surface roughness is lower than 0.1 µm, otherwise the Ra value can 

reach 0.15 µm for Zr702-7010 and up to 0.30 µm for Zr702-8010.  Similar to Zr702, 

Zircaloy-4 has a critical treatment temperature of 600 °C.  The surface roughness is 

about 0.23 µm for Zry4-6010 which is more 2 times than Zry4-5610 (0.09 µm).  The 

roughness for Zry4-7010 and Zry4-8010 can be as high as 1.75 and 2.21 µm 

respectively due to the complete formation of beige ceramic layer during the CC 

treatment.     

It should be noted that the critical treatment condition agrees with the surface colour 

changes especially for Zircaloy-4.  The surface roughness corresponds to the formation 

of beige dispersion for Zircaloy-4 alloy (Figure 4.2-2):  for Zry4-5610, Ra is 0.09 µm 

while it increased to 0.10 µm for Zry4-5050, and then surface roughness increased 

significantly and the treated surface became more and more dominated by the beige 

coloured area.  Eventually the 800 °C/10 hours treated Zry4-8010 is fully beige 

coloured with an extremely high surface roughness of about 2.21 µm.  

In terms of Zr702, the appearance of the beige blisters accompanies the large increasing 

of Ra value which is 0.15 µm for Zr702-7010 and then 0.30 µm for Zr702-8010.   

In short, the surface roughness values of treatment samples of Zircaloy-4 are always 

higher than those of Zr702 when treated at the same CC treatment conditions.   
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Figure 4.2-5 Surface roughness of Zr702 and Zircaloy-4 samples CC treated at 400 °C 

 

Figure 4.2-6 Surface roughness of Zr702 and Zircaloy-4 samples CC treated at 600 °C 

 

Figure 4.2-7 Surface roughness changes of samples CC treated at 500 and 530 °C 
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Figure 4.2-8 Surface roughness changes of samples CC treated for 10hours 
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For both Zr702-5310 and Zry4-5310 (Figure 4.2-9 (a)), the composition plateau, where 

the oxygen maintained at a concentration of about 26 (± 2) %, is about 1.5 µm in 

thickness.  This suggests the formation of an oxide layer of about 1.5 µm for both 

samples.  Following the high oxygen concentration plateau the oxygen content reduced 

gradually with the depth until 3.0 µm where oxygen dropped to about zero for sample 

Zr702-5310, which implies an oxygen diffusion case beneath the oxide layer.  

Compared with Zr702-5310, Zry4-5310 has a narrower oxygen diffusion zone 

underneath the CC treated layer, which only reached a depth of about 2.7 µm.   

Figure 4.2-9 (b) compares the composition depth profiles for Zr702-7010 and Zry4-

6010.  It can be seen that sample Zr702-7010 also exhibited a high oxygen plateau (CO 

≈ 26 %) with a much larger thickness (about 9.0 µm) when compared with Zr702-5310 

(<1.5 µm).   The oxygen diffusion zone reached a depth of about 19 µm, which is over 6 

times than that of Zr702-5310.  For sample Zry4-6010, it can be noticed from Figure 

4.2-9 (b) that an oxygen plateau until about 6 µm was also formed followed by an 

oxygen diffusion zone to about 11 µm.   

Combined with the ceramic layer thickness measurement (Figure 4.2-20), it can be 

drawn that the high oxygen concentration plateau corresponding to the ceramic layer 

formed on the surface.   This difference in the measured plateau width is therefore due 

to variation on layer thickness formed at different CC treatment conditions.   
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Figure 4.2-9 GDOES composition depth profiles of CC treated sample (a) Zr702-5310 and 

Zry4-5310, (b) Zr702-7010 and Zry4-6010 

4.2.4 XRD analysis of the sample layer 

X-ray diffraction (XRD) characterisation was carried out to identify the phases formed 

on sample surfaces after CC treatment and the results are reported in this section.     
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4.2.4.1 Zr702 

Figure 4.2-10 shows the XRD patterns of Zr702 treated for 10 hours at different 

temperatures.  It can be seen that during these ceramic conversion treatments, the 

sample surfaces were converted from α-Zr to zirconia layer which is made up of mainly 

monoclinic ZrO2 (m-ZrO2) phase and traces of tetragonal ZrO2 (t-ZrO2).   The Powder 

Diffraction File (PDF) numbers for α-Zr and m-ZrO2 and t-ZrO2 are 03-065-3366, 03-

065-1025 and 01-079-1769 respectively.   

It can also be seen from Figure 4.2-10 that with the increasing of treatment temperature 

new peaks were gradually generated at the left side of plane (002) and (101) from α-Zr 

(2θ position 34.8 ° and 36.5 °); where newly generated peaks are indexed as plane (002) 

and (1̅02) from m-ZrO2.  Meanwhile, with the increasing of treatment temperature 

there is an increase on the number of new detected peaks from m-ZrO2.  At the same 

time, all the other peaks from α-Zr became weaker and weaker until they finally 

disappeared on Zr702-7010 and Zr702-8010.   

It should be also noted that tetragonal zirconia phase exists even though the 

corresponding peaks are not very strong in Figure 4.2-10 as it can be more easily seen 

when the vertical axis is in lg(relative intensity) scale at 2θ position 30.2 ° which is the 

strongest peak for t-ZrO2 (distinguished from m-ZrO2) as shown in Figure 4.2-11.   

The diffraction pattern of sample Zr702-4010, as demonstrated in Figure 4.2-11 (a), 

besides the formed zirconia phase (both m-ZrO2 and t-ZrO2), the diffraction peaks from 

the hexagonal Zr substrate were still detected.  Further analysis showed that the peak at 

2θ position 33.07 ° came from (020) plane of orthorhombic HfO2 (o-HfO2) with its PDF 

reference code 01-089-6225.  This comes from the oxidation of hafnium (Hf) in the as-
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received material (see Figure 4.1-3).  It is also noticed that a zirconium suboxide ZrO0.27 

(h-ZrO0.27) at 2θ position 43.3 ° is recognised, which has a hexagonal structure.  The 

PDF code for this suboxide is 01-089-2340.  It should be noted that the 3 strongest peak 

positions for h-ZrO0.27 are 36.2 °, 34.6 ° and 31.7 ° (as indicated by arrows in Figure 

4.2-11 (a)), all of which are the left shoulder positions for α-Zr while 43.3 ° is not 

included among them.  Hence, further TEM analysis (in section 4.2.5.2) was carried out 

to confirm the existence of h-ZrO0.27.  Based on the identified diffraction peaks, samples 

that could possibly detected h-ZrO0.27 are Zr702-4010, Zr702-5010 and Zr702-5310.   

Figure 4.2-11 (b) depicts the diffraction pattern from sample Zr702-5610 which was 

treated at a higher temperature of 560 °C.  It shows that the diffraction peaks from the 

hexagonal zirconium suboxide ZrO0.27 and orthorhombic HfO2 became unnoticeable.  

On the other hand, the peak intensities and the numbers of zirconium oxide (both m-

ZrO2 and t-ZrO2) increased, while those from the substrate hexagonal zirconium 

decreased, which indicates a more oxidised Zr702 surface. 

When the temperature went up to 700 °C and 800 °C, the XRD diffraction patterns of 

treated samples (i.e. Zr702-7010 and Zr702-8010), are made up of zirconium oxides (m-

ZrO2 and t-ZrO2) without detected peaks from substrate zirconium as evidence by the 

typical diffraction pattern from Zr702-8010 which is exemplified in Figure 4.2-11 (c).   

Figure 4.2-12 shows the XRD patterns of Zr702 treated at 600 °C as a function of 

treatment period ranging from 10, through 20 to 30 hours.  No HfO2 peaks could be 

detected from these three 600 °C treated samples.  It can also be found by comparison 

that the intensity of the peaks from oxide increased whilst that from α-Zr decreased with 

increasing the treatment time, which suggests an increase of the surface oxide layer 
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thickness.  However, peaks from the substrate can still be detected from the 600 °C 

treated samples even for 30 hours.  This implies that the oxide layer formed on the 

sample is relatively thin and its thickness is smaller than the X-ray’s penetration depth, 

which applies to all Zr702 samples treated below 700 °C.   

It can also be noticed that for XRD patterns from all treated samples, there are 

unrecognised small peaks at different 2θ positions, e.g. 25.6 °, 29.0 ° and 33.3 ° as 

question marked in Figure 4.2-11.  This is mainly due to the complexity of the oxide 

film.   
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Figure 4.2-10 XRD patterns of Zr702 alloy CC treated for 10 hours at different temperature 
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Figure 4.2-11 XRD patterns of (a)Zr702-4010, (b)Zr702-5610, (c)Zr702-8010 
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Figure 4.2-12 XRD patterns of Zr702 alloy CC treated at 600 °C for different time 

4.2.4.2 Zircaloy-4 

XRD patterns from Zircaloy-4 sample after CC treatment are shown in Figure 4.2-13 ~ 

Figure 4.2-15.  As can be seen from Figure 4.2-13, similar to Zr702 samples, the surface 

of Zircaloy-4 gradually changed from α-Zr (PDF 03-065-3366) to a ceramic layer made 
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(002) and (101) of α-Zr, together with more m-ZrO2 and t-ZrO2 peaks, when the CC 

treatment temperature increases.       
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Figure 4.2-14 (b) shows the diffraction pattern of sample Zry4-5010.  When the 

treatment temperature increased to 500 °C, more peaks were detected from the m-ZrO2 

phase, which means that more zirconium is oxidized during the CC treatment.  When 

the treatment temperature is above 700 °C, i.e. sample Zry4-7010 and Zry4-8010, no 

peak from the substrate was detected as evidenced by Figure 4.2-14 (c), where the 

treated surface should mainly consist of m-ZrO2 and t-ZrO2.  Similar to that of Zr702 

samples, the unrecognised small peaks, though at different 2θ position, are attributed to 

the complexity of the oxide layer.    

Figure 4.2-15 depicts the effect of treatment time at 600 °C, i.e. Zry4-6010, Zry4-6020 

and Zry4-6030 with their corresponding diffraction patterns shown in (a), (b) and (c) 

respectively.  As the treatment time increased, the diffraction peak intensity from the 

oxide phase increased while those from the α-Zr decreased.  It can also be noticed that 

the unrecognised peak at 29.6 ° on Zry4-6010 remained on sample Zry4-6020 and Zry4-

6030, which is also attributed to the complexity of the oxide layer.   
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Figure 4.2-13 XRD patterns of Zircaloy-4 alloy CC treated for 10 hours at different temperature 
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Figure 4.2-14 XRD pattern of (a)Zry4-4010, (b)Zry4-5010, (c)Zry4-7010 
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Figure 4.2-15 XRD patterns of Zircaloy-4 alloy CC treated at 600 °C for different time 
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zirconium oxygen solid solution noted as Zr(O).   It is known from the position of these 

diffraction peaks that there is generally a peak overlapping between α-Zr, m-ZrO2 and 

Zr0.27O; while Zr(O) has an overall leftward shifted peaks from the α-Zr peaks.  The 

peak at position 43.3 ° is only indexed as ZrO0.27 which is also the same situation as for 

Zry4-UN 

Zry4-6010 

Zry4-6020 

Zry4-6030 
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Zr702-4010 as shown in Figure 4.2-11 (a).  However, as has been mentioned, this small 

peak at 43.3 ° is not one of the 3 strongest peaks from h-ZrO0.27, hence further 

confirmation of it from TEM was carried out with relevant results included in section 

4.2.5.2.   

In addition, it can also be found that a peak from the interface patterns could be indexed 

as t-ZrO2; however, similar to that identified from the samples with a thin ceramic layer 

(for example Zr702-4010 in Figure 4.2-11 (a)), the t-ZrO2 peaks are not as strong as 

those from m-ZrO2.  It has been shown earlier in Figure 2.3-1, t-ZrO2 phase is not stable 

at temperature below 1205 °C[21].  However, as concluded from previous 

researches[188-190], t-ZrO2 can be stabilised by the presence of dopants (such as 

yttrium, cerium etc.) or internal stress.  It should be noted that during the sample 

preparation process, relaxation would occur due to the removal of surface oxide layer 

and the temperature induced by the grinding, both of which would considerably change 

the intensity of the t-ZrO2 peaks generated from the tested sample.   

 

Figure 4.2-16 Depth XRD patterns of metal/oxide interface (Zr702-7010) 

TOP 

Interface 

UN 
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4.2.4.4 In situ XRD 

To better understand the formation of oxides and the phase evolution, in situ XRD study 

has been conducted.  Figure 4.2-17 demonstrates the in situ XRD patterns recorded 

during the treatment, with images (a) and (b) for Zr702 and Zircaloy-4 respectively.   

It can be seen that initially with the increasing of chamber temperature, there is barely 

any change until the scan number 7, which corresponds to a treatment temperature of 

600 °C.  At this point new peaks at 2θ position 28.2 ° and 34.1 ° were generated which 

were identified to be plane (1̅11) and (002) of m-ZrO2 (PDF 03-065-1025) respectively.  

Meanwhile, an overall leftward shifting of the original α-Zr (03-065-3366) peaks is also 

noticed.  As aforementioned (Figure 2.3-1), the oxygen solubility in zirconium matrix is 

up to 29 at%.  Therefore, this may be an indicator of an oxygen solid solution formed in 

zirconium (noted as Zr(O)).  However, it may also imply the formation of a new 

zirconium suboxide phase ZrO0.27.   Hence due to the great overlapping between Zr(O) 

and ZrO0.27, this will be further characterised under TEM (section 4.2.5.2).   

With the increase of scanning number, a t-ZrO2 (PDF 01-079-1769) peak was generated 

at 2θ positon 30.2 ° on both Zr702 and Zircaloy-4 alloys, which can be indexed to plane 

(101).  However, the scanning number at which the peak was firstly observed is 9 and 8 

for Zr702 and Zircaloy-4 respectively.   Along with the developing of new t-ZrO2 peaks, 

more peaks coming from m-ZrO2, together with a decrease of the substrate α-Zr peaks, 

are also noticed as the process went on.   

After a decrease of the intensity, the shifted α-Zr peaks on Zircaloy-4 became fully 

unnoticeable at scan number 11 (i.e. 7004 °C, the 4th scan at 700 °C), the α-Zr peaks on 

Zr702 could last up to scan number 21 (i.e. 70014 °C, the 14th scan at 700°C).  This 
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implies the difference on the oxidation rate between Zr702 and Zircaloy-4.  Zircaloy-4 

can generally be oxidized faster than Zr702; meanwhile, a high oxidation rate will 

reduce oxygen diffusion zone (i.e. oxygen solid solution).  Another difference between 

both alloys is that t-ZrO2 phase disappeared after scan number 22 (70015 °C) for Zr702, 

while t-ZrO2 phase still can be detected under the test conditions up to scan number 46 

for Zircaloy-4.  This could be attributed to the stabilisation effect on t-ZrO2 from the 

alloying element Sn in Zircaloy-4.  It should be noted that the disappearing of the peak 

at 30.2 ° from t-ZrO2 doesn’t mean the nonexistence of tetragonal phase, only that the 

peaks intensity became weak but not impossible as evidenced Zr702-8010 (Figure 4.2-

11 (c)).   
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Figure 4.2-17 In situ phase transition of (a) Zr702 and (b) Zircaloy-4 alloy during the CC 

treatment at 700 °C: m and t refers to m-ZrO2 (PDF 03-065-1025) and t-ZrO2 (PDF 01-079-

1769) respectively; * stands for shifted peak; α represents α-Zr (PDF 03-065-3366).  The 

lowercase means the scanning number at 700 °C, e.g. 7001 means the first XRD scan at 700 °C; 

each scan lasted approximately 20 minutes.     
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4.2.5 Layer structures 

4.2.5.1 SEM observation 

As reported in section 4.2.4, a ceramic oxide layer is formed on the CC treated surface. 

SEM was employed to observe the quality of the formed layer on the cross-section.  The 

relevant results are shown and compared in this section.   

Figure 4.2-18 demonstrates the cross section images from CC treated Zr702 for a fixed 

time of 10 hours at a varying treatment temperature from 400 °C to 700 °C.  Image (a) 

in Figure 4.2-18 depicts the layer structure of sample Zr702-4010 which has a nickel 

plated layer on top of the CC treated surface.  As can be seen from Figure 4.2-18 (a) and 

(b), for a fixed treatment time of 10 hours, when the sample was treated at 500 °C or 

below, the formed ceramic layers are dense, intact and adherent.  However, as shown in 

Figure 4.2-20, the average layer thickness for Zr702-4010 and Zr702-5010 is only 0.16 

µm and 0.67 µm respectively.   

Figure 4.2-18 (c) and (d) are the cross sectional images from oxide layers formed at 

530 °C and 560 °C for 10 hours.  Both Zr702-5310 and Zr702-5610 depicted columnar 

structured oxide grains (as indicated by arrows) perpendicular to the metal/oxide 

interface with a few pores.   

For samples treated at 600°C and 700°C, Figure 4.2-18 (e) and (f), the surface layer 

consisted of a well-developed columnar structure (Figure 4.2-18 (h)) with small and 

large lateral cracks distributed mostly within the oxide layer and at the metal/oxide 

interface, respectively.  It can also be noticed that the large lateral cracks present along 

the interface with an arch shape, concave to the substrate (see marked arrows in Figure 

4.2-18 (e) and (f)).  
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When the treatment temperature goes up to 800°C (Figure 4.2-18 (g)), severe cracks 

concentrated at the interface were observed, together with the devastating vertical 

cracks going through the whole layer.  This observation is consistent with the 

morphology observation shown in Figure 4.2-3 (f), where cracks were observed at the 

surface.   

Observation of layer structure of treated Zircaloy-4 samples through cross sectional 

SEM images revealed (Figure 4.2-19) similar oxidation dependence on treatment 

temperature as for Zr702.  After treatment, a ceramic layer, composed of mainly m-

ZrO2 with traces of t-ZrO2 (as indexed in the XRD patterns in Figure 4.2-13), is formed 

on the surface.  This oxidation layer is intact and dense for treatment temperature at 

400 °C and 500 °C as shown in Figure 4.2-19 (a) and (b) respectively.  The thicknesses 

of modified layers formed on the surface are 0.25 µm and 0.97 µm for Zry4-4010 and 

Zry4-5010 respectively as demonstrated in Figure 4.2-20.  The formed oxide layer is 

thicker on Zircaloy-4 than that on Zr702 at the same treatment conditions.     

When the sample was treated at 530 °C and 560 °C, Figure 4.2-19 (c) and (d), the oxide 

layer became the thicker oxidation layer but also depicted cracks within the layer.  

When compared with Zr702 treated at the same conditions (Figure 4.2-18 (c) and (d)), 

although the layer thickness is similar (Figure 4.2-20), more cracks were observed in 

Zircaloy-4 than in Zr702.   

With further increase of the treatment temperature, sample Zry4-6010, Zry4-7010 and 

Zry4-8010 as shown in Figure 4.2-19 (e), (f) and (g) respectively, exhibited 

dramatically increased cracks formed across the oxidation layer.  It is also noticed that 

the lateral cracks formed on the surface seem to be periodic, especially on Zry4-7010 
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and Zry4-8010 (Figure 4.2-19 (f) and (h)), with a periodic length of about 2.5 µm.  This 

is an indication of the periodic characteristics of the zirconium oxidation which is in 

agreement with the kinetics research about zirconium by A. Yilmazbayan and A.T. 

Motta et.al [132].  Vertical cracks were developed when Zircaloy-4 was CC treated at 

800 °C or above (Figure 4.2-19 (g)), the formation of which is widely reported to be 

detrimental for the anti-corrosion performance of zirconium alloys.   

Figure 4.2-20 shows the ceramic layer thickness variation as a function of the treatment 

temperature for both Zr702 and Zircaloy-4 alloys when treated for a fixed period of 10 

hours.  It can be seen that although the ceramic layer thickens increased with increasing 

the temperature for both alloys, rapid formation of oxide layer for Zircaloy-4 and Zr702 

occurred at 600 and 700 °C respectively.  It can also be noticed that the oxide layer 

thickness formed on Zircaloy-4 samples is generally larger than that formed on Zr702 

samples: the higher the treatment temperature, the larger the difference in their 

thicknesses.  This could be attributed to the difference in composition, microstructure 

and phase constituents between those two zirconium alloys.   

Figure 4.2-21 depicts the cross sectional BSE images of both Zr702 and Zircaloy-4 

treated at 400 °C for 10 hours, 100 hours and 200 hours.  Samples were nickel plated for 

a protection of the thin layer.  The formed ceramic layer is in dark grey colour in the 

BSE images, as marked in Figure 4.2-21.  It can be seen that there are no noticeable 

cracks either lateral or vertical within the layer for both alloys and the layers maintained 

dense but with a waved interface.  However, lateral crack along the interface started to 

form sample Zry4-40200 (Figure 4.2-21 (f)), which is similar to sample Zry4-5310 in 

Figure 4.2-19 (c) but with fewer cracks.  The thickness of the formed ceramic layer 
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increased with the increase of the treatment period of time.  As shown in Figure 4.2-24 

(a), the thickness increased from 0.16 µm (Zr702-4010) to 0.39 µm (Zr702-40100) until 

0.60 µm (Zr702-40200); while it is 0.25, 0.52 and 0.80 µm for Zry4-4010, Zry4-40100 

and Zry4-40200 respectively.   

SEM images for 600 °C treated samples (both Zr702 and Zircaloy-4) are shown in 

Figure 4.2-22, and it can be seen that a longer treatment time led to a thicker ceramic 

layer formed on the sample surface.  For Zr 702, measurement of the thickness (3.0 µm, 

4.9 µm and 5.8 µm for Zr702-6010, Zr702-6020 and Zr702-6030 respectively) showed 

a thickness growth of 3.0 µm, 1.9 µm and 0.9 µm over each 10 hours of CC treatment 

(see Figure 4.2-24 (c)).  Hence, there is a decreasing of oxidation rate as the treatment 

goes on at the fixed temperature.  On the other hand, it can also be noticed that more 

lateral cracks appeared within the oxide layers with the increase of the treatment period 

of time.  This suggests that the formation of lateral cracks would hinder the diffusion of 

oxygen during the process, which could be beneficial for anti-oxidation properties.  In 

terms of Zircaloy-4, as shown in Figure 4.2-22 (b), (d) and (f) for Zry4-6010, Zry4-

6020 and Zry4-6030 respectively, it can be seen that not only there is an increasing of 

the thickness for the long-time treated sample, but also that both sample Zry4-6020 and 

Zry4-6030 revealed similar periodic cracks as observed on Zry4-8010.  For Zry4-6020 

and Zry4-6030 the observed arch shape at the metal/oxide interface, which accompanies 

the cracks formation, is towards the metal instead of the oxide when compared with the 

CC treated Zr702 samples (Figure 4.2-18 (e) and (f)).   

Figure 4.2-23 demonstrated the cross sections for sample treated at 500 °C and 530 °C 

for 50 hours.  In comparison with the samples treated for 10 hours at the corresponding 
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temperature, it can be seen that while the thickness increased (Figure 4.2-24 (b) and (d)), 

none of them showed the periodic cracking as observed on Zry4-6020 and Zry4-6030.  

However, while the lateral cracks at the metal/oxide interface obviously increased on 

Zr702 samples, those cracks became interconnected on Zry4-5350, as shown in Figure 

4.2-23 (d).   

It should be noted that the errors bars used in Figure 4.2-20 and Figure 4.2-24 are the 

standard deviations calculated from the four thickness measured from the BSE images.  

As it can be noticed, for the same treatment conditions, the formed ceramic layers on 

Zircaloy-4 samples are generally more uniform than those on Zr702, as evidenced by 

the bigger errors on Zr702 thickness.   
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Figure 4.2-18 Cross sectional BSE images of CC treated Zr702: Zr702-4010 samples are 

protected with an electro-plated nickel layer on top of CC treated surface, while Zr702-5010 

without nickel plating protection; Zr702-5310 and Zr702-5610 showing longitudinal columnar 

gains at the oxide layer 
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Figure 4.2-19 Cross sectional BSE images of CC treated Zircaloy-4: (a) Zry4-4010, (b) Zry4-

5010; (c) Zry4-5310; (d) Zry4-5610; (e) Zry4-6010; (f) Zry4-7010; (g) Zry4-8010.  Zry4-7010 

and Zry4-8010 demonstrated the periodic layer on ceramic surface.  

1µm 
Zry4-4010 

(a) 

1µm 
Zry4-5010 

(b) 

1µm 
Zry4-5310 1µm 

Zry4-5610 

1µm 
Zry4-6010 1µm 

Zry4-7010 

100µm 
Zry4-8010 

(c) (d) 

(e) (f) 

(g) 

10µm Zry4-8010 

(h) 



115 

 

 

Figure 4.2-20 Ceramic layer thickness for Zr702 and Zircaloy-4 after 10 hours of CC treatment 

at different temperature varying from 400 to 800 °C 

 

Figure 4.2-21 SEM observation of samples treated at 400 °C: (a) Zr702-4010; (b) Zry4-4010; (c) 

Zr702-40100; (d) Zry4-40100; (e) Zr702-40200; (f) Zry4-40200.  Nickel were plated on the 

sample surface for a protection of the ceramic layer; ceramic layer is grey as indicated in the 

images 
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Figure 4.2-22 SEM observation of Zr702 and Zircaloy-4 treated at 600 °C: (a) Zr702-6010; (b) 

Zry4-6010; (c) Zr702-6020; (d) Zry4-6020; (e) Zr702-6030; (f) Zry4-6030: (c)~(f) having 

nickel plating layer on top of the image. 
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Figure 4.2-23 SEM observation of treated Zr702 and Zircaloy-4 samples: (A) Zr702-5050; (B) 

Zry4-5050; (C) Zr702-5350; (D) Zry4-5350; samples all having nickel plating on top of the 

image.  

 

 

Figure 4.2-24 Ceramic layer thickness changes in corresponding to CC treatment time 
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4.2.5.2 TEM characterisation 

Samples Zr702-5310 and Zry4-5310, representatives of CC treated Zr702 and Zircoly-4, 

were prepared using the method as aforementioned in section 3.3.1.6 and then 

characterised using a Transmission Electron Microscope (TEM).  Each sample were 

observed in terms of layer structures, phase constitutes by Selected Area Diffraction 

(SAD) patterns indexing and chemical composition by Energy-dispersity X-ray 

Diffraction (EDX) detecting on spots.  

Zr702 alloy 

Figure 4.2-25 shows TEM microstructure observation images from sample Zr702-5310.  

It can be seen that the surface layer composes a top fine columnar grain layer, oriented 

in the direction perpendicular to the oxide/metal interface (Figure 4.2-25 (a)) and a 

prolate grain interface layer with along oxide/metal interface (Figure 4.2-25 (b)).      

It is also noticed from Figure 4.2-25 and Figure 4.2-26 (a) that the columnar grain width 

is in the range of 80 ~ 100 nm and the grain boundaries between the columns are dense 

and hardly to see any defects.  However, some lateral cracks, 50-150 nm in length, were 

observed within the oxide layer.  The relatively large cracks are usually parallel to the 

oxide/metal interface, associated with the regions of the waved interface, where the 

oxide layer is thinner than the adjacent areas.  This is because the lateral cracks were the 

obstacles for oxidation when they were created during the treatment, which hindered the 

growth of the oxide layer in front of the metal/oxide interface[141].   

The corresponding SAD patterns taken from the oxide layer (Figure 4.2-26 (a)) revealed 

a ring pattern.  A typical one is exemplified in Figure 4.2-26 (b) and the enlarged image 

and the indexing are shown in Figure 4.2-27.  The indexing shows a preponderance of 
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the monoclinic ZrO2 phase with traces of tetragonal phase in the oxide layer, evidenced 

by the bright dense rings for the formal and weak diffused rings for the later.  It should 

also be noted that the diffraction rings contributed from tetragonal t-ZrO2 are very weak 

and diffused, such that it is difficult, if not impossible, to identify the grains of this 

phase in the microstructure.  The indexing for the oxide diffractions is in good 

agreement with the previous indexing of the X-ray diffraction patterns as reported in 

section 4.2.4.   

Figure 4.2-26 (d) is a [0001]Zr taken from the substrate just beneath the metal/oxide 

interface layer, while  Figure 4.2-26 (e) taken from the Zr substrate area far away from 

the interface shows a [21̅1̅0]Zr SAD pattern.  From the comparison of these two SAD 

patterns (Figure 4.2-26 (d) vs. (e)), it can be seen that the diffraction spots of the latter 

are elongated and diffused, indicating a high density of the defects in the area beneath 

the oxide layer.  This is contributed from the residue stress between the oxide layer and 

the substrate and the diffused-in oxygen in the interstitial space of the HCP Zr crystal.  

Indexing the SAD patterns from the grains at the interface layer (Figure 4.2-26 (c)) 

shows that a zirconium substoichiometric phase i.e. ZrO0.27 was identified.  This 

confirms the existence of suboxide layer (ZrO0.27) which is mentioned earlier in the 

XRD results section 4.2.4.  In addition, a preferred orientation of a metal/oxide front 

ZrO0.27 grain to the substrate was observed: [21̅1̅0] ZrO0.27 //[0001]Zr , (0002)//(⁡1̅010). 



120 

 

 

Figure 4.2-25 TEM microstructure of sample Zr702-5310 (a) whole surface layer (b) 

metal/oxide interface 
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Figure 4.2-26 TEM images from Zr702-5310: (a) microstructure of surface layer; and the 

corresponding SAD patterns (b) surface oxide layer; (c) metal/oxide interface; (d) substrate just 

beneath interface; (e) substrate far away from the interface.  
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Figure 4.2-27 An enlarged image of Figure 4.2-26 (b) showing the SAD pattern and it’s 

indexing for the oxides formed in the oxide layer of sample Zr702-5310 

 Zircaloy-4 alloy 

Figure 4.2-28 (a) shows the microstructure of the oxide layer formed on CC treated 

sample Zry4-5310.  It can be seen that the surface layer structure of the sample is 

similar to that of Zr702-5310: a top oxide layer consisting of columnar grains and a 

prolate grain at the metal/interface layer.  However, the microstructure is different from 

that of the Zr702-5310 sample.  The columnar grains are fine and the interface layer is 

only about 50 nm in thickness, which is much thinner than the interface layer of sample 

Zr702-5310.  There are some small lateral cracks distributed across the top half of oxide 

layer and at the same time some large ones are observed along the oxide/interface-layer 
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interface.  This feature is consistent with the microstructure observations from SEM 

(Figure 4.2-19 (c)).   

Indexing the SAD patterns from the oxide layer reveals a similar preponderance of the 

monoclinic ZrO2 phase, evidenced by those unindexed rings (as the index will be the 

same as in Figure 4.2-27, shown in Figure 4.2-28 (b).  However, it can also be found 

that the intensity of the diffraction rings corresponding to the tetragonal t-ZrO2 phase, as 

indexed in Figure 4.2-28 (b), are stronger than the Zr702-5310 sample.  This implies 

that more t-ZrO2 is formed during the CC treatment process on Zircaloy-4 alloy than on 

Zr702 alloy.  This could be responsible for the cracks observed in the SEM and TEM 

images within the oxide layer since the cracks are related to the formation of t-ZrO2 

phase, which will be discussed in section 5.1.4.   

From the SAD patterns at the metal/oxide interface shown in Figure 4.2-28 (c), it can be 

seen that the spots of [0001]Zr pattern are distorted with diffusion cloud around.  It can 

also be noticed that the observed diffraction spots indexed to be ZrO0.27 phase become 

much weaker when compared with the Zr702-5310 sample. 

Further microstructure observation of the substrate from sample Zry4-5310 is shown in 

Figure 4.2-29 (a) and the corresponding SAD pattern is given in Figure 4.2-29 (b).  As 

has been shown earlier in Figure 4.1-2, the average grain size of the as-received material 

is about 8 µm.  TEM microstructure in Figure 4.2-29 (a) has revealed a lath structured 

domain within one grain.  Analysis of the SAD pattern from this area revealed two sets 

of twining structures of the HCP Zr (Figure 4.2-29 (b)). 
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Figure 4.2-28 TEM images from Zry4-5310 (a) microstructure of oxide layer; and the 

corresponding SAD patterns at (b) oxide layer (c) metal/oxide interface 

 

Figure 4.2-29 TEM images from Zry4-5310: (a) substrate structure (b) the corresponding SAD 

pattern; revealing the lath structure and the twining defects in the substrate 
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4.3 Microstructure of duplex treated (CC+OBD) samples 

As mentioned in Section 3.2.2, Zr702 samples which were initially treated at 700 °C for 

10 hours (noted hereunder as CC7) were oxygen boosted diffusion (OBD) treated in a 

vacuum furnace for developing a thick diffusion case underneath the oxide layer.  

Detailed microstructure characterisation work was conducted on the duplex treated 

sample and the results are reported in this section.   

4.3.1 Surface morphology 

Figure 4.3-1 reveals the visual observation results for duplex surface treated samples.  It 

can be seen that after OBD treatment samples are generally in black colour, with the 

only exception of sample CC7-8030 which exhibited a dark greyish colour.  In 

conjunction with the results reported in section 4.2.1, it is noticed that there is no 

obvious colour change during the OBD treatment when compared with the CC treated 

sample i.e. CC7/Zr702-7010.     

It can also be noticed that the beige blisters on the CC7 sample surface gradually faded 

away with the increasing of OBD treatment temperature and time, especially for CC7-

8030 sample, on which no clear blister was observed.  However, further observation 

under SEM as shown in Figure 4.3-2 depicts a lumpy surface together with cracks over 

the sample surface.   

4.3.2 Surface roughness 

The surface roughness of duplex surface treated samples was measured and the obtained 

results are shown in Figure 4.3-3.  As can be seen, the surface roughness is reduced 

from 0.15 µm for the CC only treated CC7/Zr702-7010 to 0.09 and 0.06 µm by OBD at 

600C for 10 hours (CC7-6010) and 30 hours (CC-6030) respectively.  On the other 
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hand, when the OBD treatment temperature increased to 700 and 800C for 30 hours, 

the surface roughness is increased respectively to 0.19 µm for CC7-7030 and 0.49 µm 

for CC7-8030, even though the number of surface beige surface blisters is reduced 

significantly or eventually disappeared.  This is probably due to the formation of the 

cracked surface as shown in Figure 4.3-2.    

It is also noticed from Figure 4.3-1 that samples with more beige blisters and/or cracked 

surface exhibit larger variation ranges as evidenced by the big errors of samples CC7, 

CC7-7030 and CC7-8030.   

 

Figure 4.3-1 Visual observation images of duplex treated samples 

CC7 CC7-6030 

CC7-7030 CC7-8030 

CC7-6010 

5mm 
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Figure 4.3-2 SEM surface morphology observation of CC7-8030 revealing cracks over surface 

 

Figure 4.3-3 Surface roughness changes for duplex surface treated samples 

4.3.3 GDOES depth chemical composition of the sample layer 
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samples.  The relevant results are shown in Figure 4.3-4.   
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treatment, an increase of the range of oxygen decreasing zone was noticed.  For sample 

CC7-6030 (Figure 4.3-4 (a)), the oxygen diffusion zone ranged from 10.3 µm (CO ≈ 

26 %) to 21 µm (CO =0) (i.e. 10.7 µm in width).  Sample CC7-7030 (Figure 4.3-4 (b)) 

exhibited an oxygen diffusion zone ranging from about 7.7 µm to 30 µm (i.e. 22.3 µm 

in width).  While for sample CC7-8030 (Figure 4.3-4 (c)), an oxygen diffusion zone 

started from the surface (0 µm) to up to 60 µm without appreciable oxygen plateau.  

This suggests the formation of wider oxygen diffusion zone during the OBD treatment.   

It is also noted that within in the consideration of high oxygen concentrated detected at 

the close to surface area due to the influence from the atmospheric condition, the high 

oxygen plateau for CC7-6030 and CC7-7030 both showed in increasing tendency from 

the surface, which suggests a decomposition of CC formed oxide layer into the 

atmosphere at the same time.  While CC7-8030 exhibited a full decomposition.   
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Figure 4.3-4 GDOES composition depth profiles of duplex treated sample (a) CC7-6030, (b) 

CC7-7030 and (c) CC7-8030 
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4.3.4 XRD analysis of the sample surface 

XRD characterisation was also carried out on all the duplex surface treated sample for 

an analysis of the phase constituent of the surfaces.  Due to the great similarity between 

samples CC7-6010 and CC7-6030, only typical XRD pattern from CC7-6030 is shown 

in Figure 4.3-5 (a).  While the resultant XRD patterns from CC7-7030 and CC-8030 are 

presented in Figure 4.3-5 (b) and (c) respectively. 

As it shows in Figure 4.3-5 (a), all of the zirconium oxide peaks from sample CC7-6030 

shifted slightly rightwards, which means a decrease of d-spacing when compared with 

the standard ZrO2, deducing from the Bragg Equation shown in Equation 3.3-1.  During 

the OBD process, there is indeed a zirconium decomposition reaction, as listed in 

Equation 4.3-1 and 4.3-2.    

ZrO2 + 𝑍𝑟 → 2𝑍𝑟(𝑂)                        Equation 4.3-1 

ZrO2 → 𝑍𝑟𝑂2−𝑥 +
𝑥

2
𝑂2                        Equation 4.3-2 

The lacking of oxygen in the ZrO2 matrix therefore caused the detection of shifted 

diffraction peaks on the sample surfaces.  This also explained the GDOES increasing 

tendency across the ceramic layer as the decomposed oxygen diffused into either the 

zirconium matrix or the vacuum atmosphere.   

When OBD process was carried out at higher temperature of 700C for a longer time 

period of 30 hours (i.e. CC7-7030), substrate α-Zr (PDF 03-065-3366) would be 

detected as evidenced by Figure 4.3-5 (b).  Interestingly, instead of standard peaks, a 

rightwards shifted zirconium peaks was detected, which means the d-spacing became 

smaller.  Further confirmation needs to be carried out on TEM in section 4.3.5.2.   
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Figure 4.3-5 (c) depicts the phase identification of sample CC7-8030, where a main 

phase structure of the zirconium matrix (peaks rightward shifted) and some lower 

stoichiometric zirconium oxide peak can be identified.  The detected zirconium oxide is 

a cubic structured ZrO (PDF ref. code 01-089-4768, noted c-ZrO).  As can also be seen 

neither m-ZrO2 nor t-ZrO2 not detected, which indicates a complete decomposition of 

the ceramic surface formed during the prior CC treatment.   
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Figure 4.3-5 Typical XRD patterns of duplex treated samples (A) CC7-6010; (B) CC7-7030; (C) 

CC7-8030  
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4.3.5 Layer quality observation (SEM) 

4.3.5.1 SEM observation 

SEM observation was also carried out on duplex treated samples for an examination of 

the effect of OBD treatment on the ceramic layer formed from the CC treatment for the 

OBD.  The relevant results are presented in this section.   

Figure 4.3-6 shows the cross section images after OBD treatment together with the 

corresponding CC7 sample for comparison.  It should be noted that on top of the images 

was a plated nickel layer.   

For sample CC7, shown in Figure 4.3-6 (a) and (b) of the BSE and SE image 

respectively, a relatively thick ceramic layer was formed from the CC treatment.  As it 

can be noticed, pore/cracks existed throughout the ceramic film.  The oxide layer is 

bright in the SE image in Figure 4.3-6 (b).  This bright colour is caused by the 

secondary electron charging due to the low conductivity of the formed zirconia layer.   

After OBD treatment, both the size and the number of the pores/cracks existing in the 

ceramic layer formed on CC treatment were reduced when compared with sample CC7 

(see Figure 4.3-6 (c), (e), (g) and (h) for BSE image of CC7-6010, CC7-6030, CC7-

7030 and CC7-8030 respectively).  The only exception is sample CC7-8030 which 

exhibited a cracked layer underneath a fairly thin oxide layer (unmeasurable due to the 

nickel plated layer on top).  This observation on CC7-8030 is in consistent with the 

GDOES (Figure 4.2-4 (c)) and XRD (Figure 4.2-5 (c)) analysis, and the cracked surface 

matches the surface morphology image in Figure 4.3-2.  It can also be seen that the SE 

images of samples CC7-6010 and CC7-6030 (Figure 4.3-6 (d) and (f)) exhibit a 

darkened top surface layer with of about 1 µm in thickness, beneath which is a bright 
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ceramic layer which is the same as the oxide layer observed on sample CC7.  A 

thickened dark layer can also be seen at the Metal/Oxide interface.  The darkened layer 

indicates an increase of the conductivity due to the generation of oxygen vacancies at 

the top surface layer as evidenced by the Figure 4.2-4 (a) and Figure 4.2-5 (a).   

Table 4.3-1 summarises the relevant thickness measurement results.  It can be seen that 

when the OBD treatment condition was 600 °C, there is an increasing of the ceramic 

layer thickness with the increase of the treatment time.  The ceramic layer thickness is 

9.01 µm, 9.65 µm and 10.52 µm for CC7, CC7-6010 and CC7-6030 respectively.  

When the treatment time was fixed at 30 hours, the thickness decreased from 10.52 µm 

for CC7-6030 to 7.71 µm for CC7-7030 and eventually to 3.79 µm (cracked zone 

included) for CC7-8030 with the increasing of treatment temperature.   

Table 4.3-1 Duplex treatment conditions and ceramic layer thicknesses 

Sample Code OBD T, °C OBD Time, 

hours 

Layer thickness, µm Error, µm 

CC7 -- -- 9.01 1.55 

CC7-6010 600 10 9.65 0.28 

CC7-6030 600 30 10.52 0.32 

CC7-7030 700 30 7.71 0.17 

CC7-8030 800 30 3.79 (fracture layer included) 0.68 

 



135 

 

 

Figure 4.3-6 Cross sectional SEM images of duplex treated samples: (a) CC7 BSE; (b) CC7 SE; 

(c) CC7-6010 BSE; (d) CC7-6010 SE; (e) CC7-6030 BSE; (f) CC7-6030 SE; (g) CC7-7030 

BSE; (h) CC7-8030 BSE; samples having nickel plated layer on top of the image.   
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4.3.5.2 TEM characterisation 

Sample CC7-6030 was characterised using TEM in terms of the layer structure, phase 

constitutes through SAD patterns indexing and chemical composition using EDX 

detecting on spots.  The relevant results are shown as below.   

TEM observation on this sample revealed that the surface oxide layer remained the 

feature of columnar grained structure with dominant m-ZrO2 and traces of t-ZrO2 phases 

(Figure 4.3-7 (a) and (b).  Interestingly, the interface layer presented after the CC 

treatment between the oxide/metal was still there but the grain shape changed from the 

prolate long grains along the interface to equiaxed gains and the ZrO0.27 phase changed 

to a Zr HCP phase (reference code 00-26-1399, Figure 4.3-8 (b)) which only forms 

under pressure, noted as ω phase as aforementioned in section 2.1.3.1[26].  SAD pattern 

taken from the area beneath the interface layer revealed substrate HCP Zr structure but 

with ordered interstitial oxygen diffraction spots as denoted by the arrows in Figure 

4.3-8 (c).  This observation implies that the oxygen diffused into the octahedron 

interstitial of HCP Zr structure during the OBD process, which could contribute to the 

hardness improvement in this area (to be revealed in Figure 4.4-9).   



137 

 

 

Figure 4.3-7 TEM (a) oxide microstructure of CC7-6030; (b) corresponding SAD pattern 

 

Figure 4.3-8 TEM image of CC7-6030: (a) interface; corresponding SAD patterns (b) interface 

and (c) substrate  
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4.4 Mechanical properties 

4.4.1 Hardness of CC treated samples 

As discussed in section 3.3.2.2, the surface hardness of both treated and untreated 

samples was measured using a nanoindentation machine.  At least five indents were 

repeated on each sample for an accurate measurement and duplicity test.  Figure 4.4-1 

presents the typical load vs. depth curve for sample Zr702-5310 showing the 

repeatability and accuracy of the data collected.  The average hardness was taken and 

the standard deviation was then used as the errors.   

In addition, a small indentation load is preferred for better characterisation of the 

coating hardness without influence from the substrate, especially for the ones with thin 

ceramic layer formed on the surface, i.e. Zr702-4010, Zry4-4010 etc.  The load as small 

as 5 mN was used due to the machine restriction caused by the vibration and thermal 

drifting of the load vs. depth curve. 

Figure 4.4-2 depicts the surface hardness of CC treated and untreated (for comparison) 

Zr702 and Zircaloy-4 samples.  It can be seen that the untreated Zr702(UN) has a 

hardness of 3.02 GPa which is slightly higher than that (2.79 GPa) of untreated 

Zry4(UN).  As can also be seen, for both Zr702 and Zircaloy-4 alloys the surface 

hardness increased initially with the treatment conditions until it reached the highest 

value (Zr702-5010 and Zry4-5010); then it slightly decreased to a relative steady value 

of about 12.5 GPa and 12 GPa for Zr702 and Zircaloy-4 respectively.  As 

aforementioned, this is consistent with the hardness of ZrO2 ceramic, which has been 

reported to be 1100 ~ 1500 HV[191, 192].   



139 

 

The measured surface hardness of 400C treated samples (Figure 4.4-2) is between the 

hardness of the zirconium substrate and zirconia ceramics for both alloys.  This 

measured relatively low hardness especially for short-time treated samples could be the 

composite hardness of the substrate and the thin surface oxide layer.  Because the oxide 

layer is very thin, the indentation depth could be more than 1/10th of the oxide layer 

thickness, which is the minimum requirement for an accurate measurement of the 

intrinsic hardness of thin surface layer (modified layer or coating) without substrate 

effect.  As an example, the load vs depth plot (Figure 4.4-3) of Zr702-40100 sample 

shows a maximum penetration depth of 140 nm.  However, the formed ceramic layer on 

Zr702-40100 only has a thickness of ~ 0.39 µm, as mentioned in section 4.2.5 (Figure 

4.2-24).  Therefore, although they have dense and porous free layer structure as shown 

in the SEM cross sectional images (Figure 4.2-21), the nanohardness test under 5 mN 

produced a combination hardness of both the hard oxide layer and the soft zirconium 

matrix since the thickness of the surface oxide film is less than 1/10th of the total 

penetration depth.  Hence, with increasing the oxide thickness by increasing the 

treatment temperature and/or time, the contribution from the zirconium became less, 

thus the overall surface hardness could be measured.   

The surface hardness reached the highest value at treatment condition of 500C for 10 

hours (i.e. 5010 condition) for both Zr702 and Zircaloy-4.  As shown in Figure 4.4-2, 

the highest hardness value is 14.5 GPa and 15.5 GPa for Zr702-5010 and Zry4-5010 

respectively.  This is because the dense ceramic layer is thick enough to bear the load 

without substrate effect.   
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After this peak point at 500°C/10hours, the surface hardness for both Zr702 and 

Zircaloy-4 stabilised at a relatively steady hardness value, 12.5 and 12 GPa for Zr702 

and Zircaloy-4 respectively.  That means for CC treatment at a higher temperature 

and/or for a longer time, a thicker ceramic layer can be produced but this ends up with a 

slightly decreased hardness.  Considering the SEM layer quality observation results 

reported in section 4.2.5.1, this reduced surface hardness could be related to the defects 

(cracks and blisters) formed in the ceramic layer and at the metal/oxide interface.   

In addition, it is also noted from Figure 4.4-2 that for samples treated at 400C, a higher 

hardness is probed from Zircaloy-4 than from Zr702 for the same treatment time.  This 

is because the oxide formed is dense without appreciable defects and hence the 

measured hardness is related mainly to the thickness of the oxide layer due to the 

reasons discussed above.  However, when treated at a temperature at 530C or above, 

the surface hardness of Zr702 samples is slightly higher than that of Zircaloy-4 samples.  

This is because the thickness of the oxide layer formed on these samples is well beyond 

the minimum value required to avoid substrate effect and hence the hardness is decided 

by the quality of the oxide layers.  For example, when comparing the ceramic layer 

formed at the same CC treatment conditions, Zr702-5310 (Figure 4-2.18 (c)) vs. Zry4-

5310 (Figure 4-2-19 (c)), the number of cracks within the ceramic layer and at 

metal/oxide interface is considerably more on Zry4-5310 than on Zr702-5310.   

The Young’s modulus values of CC treated Zr702 and Zircaloy-4 samples are shown in 

Figure 4.4-4.  As it shows, the Young’s modulus variations of the CC treated both 

alloys follow similar or almost the same trend as for the surface hardness.  The Young’s 

modulus of the treated samples is generally increased by the CC treatment with the only 
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exception of treatment condition 4010 when compared with the untreated materials (121 

GPa and 121 GPa for Zr702-UN and Zry4-UN respectively).  Figure 4.4-5 shows the 

Young’s modulus and hardness ratio variation of these samples.  It can be seen that the 

ratio follows a decreasing tendency when compared with the corresponding untreated 

samples, which suggests an improved resistance towards plastic deformation.     

 

Figure 4.4-1 Typical load vs. depth curves for sample Zr702-5310 at the load condition of 5 mN 

 

Figure 4.4-2 Surface nanohardness changes before and after CC treatment for both Zr702 and 

Zircaloy-4 
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Figure 4.4-3 Load vs. depth curve for sample Zr702-40100 at the load condition of 5 mN 

 

Figure 4.4-4 Young’s modulus variation of CC treated Zr702 and Zircaloy-4 sample 
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Figure 4.4-5 Young’s Modulus vs. hardness ratio changes before and after CC treatment for 

both Zr702 and Zircaloy-4 

Nanoindentation on the cross section of treated samples at a load of 30 mN was used to 

produce hardness depth profiles.  The load of 30 mN was selected instead of 5 mN used 

for the surface hardness measurement in order to generate indents large enough to be 

easily located by SEM.   

After the nanoindentation test, samples were then observed under SEM for a 

measurement of the depth of the produced indents.  An example SEM image showing 

the indents along the cross section of the ceramic layer is shown in Figure 4.4-6.  Based 

on the measured depth, the hardness vs. depth profiles were then plotted.  It should be 

note here that the hardness at the surface (0 µm position) came from the surface 

hardness (Figure 4.4-2) measured under 5 mN to reduce or exclude the influence from 

the substrate.    
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Due to the great similarities of the hardness depth profiles on different CC treated 

samples for both Zr702 and Zircaloy-4 alloys, only typical hardness-depth profiles from 

Zr702-5310, Zr702-7010 and Zry4-6010 samples are exemplified in Figure 4.4-7.  It 

can be seen that there is a fluctuated high hardness plateau near the surface which is 

followed by a hardness decreasing zone (HDZ) where the hardness dropped until it 

reaches a steady substrate hardness.   

Combined with the SEM observation (Figure 4.2-18 and Figure 4-2-19) and the 

thickness results (Figure 4.2-20), together with the GDOES compostion profile (Figure 

4.2-9), it can be found that the fluctuated hardness plateau corresponds to the ceramic 

layer formed during the CC treatment and the fluctuation comes from the crack defects 

across the layer.  As an example for Zr702-7010, the high hardness plateau continues 

until a depth of about 8.5 µm which is comparable with the ceramic layer thickness and 

the high oxygen plateau (9.0 µm) if the experimental errors are taken into account.  On 

the other hand, both the HDZ and the oxygen diffusion zone (ODZ) reaches a similar 

depth e.g. about 20 µm for Zr702-7010.  Hence the hardness decreasing zone caused by 

the oxygen distribution in zirconium matrix in view of the strong solid solution 

hardening of oxygen in zirconium.    

Meanwhile, it can also be seen that after the CC treatment the hardness of the substrate 

is about 2.5 GPa, which is lower than that of the untreated materials (~ 3.0 GPa for 

Zr702-UN). This is mainly due to the CC treatment induced microstructure changes in 

the zirconium matrix.   
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Figure 4.4-6 SEM image of cross sectional nanoindentation showing distribution of the indent 

marks 

 

Figure 4.4-7 Hardness depth profiles of Zr702-5310, Zr702-7010 and Zry4-6010 
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trend.  Both the surface hardness and the Young’s modulus of the duplex treated 

samples are higher than those of the CC treated sample i.e. CC7 (Zr702-7010), with the 

only exception of CC7-8030.   

It can also be noticed that with the increase of treatment time at OBD temperature 

600 °C (i.e. CC7-6010 and CC7-6030), the hardness and Young’s modulus both 

witnessed an increase of their values.  When the treatment temperature increased from 

600 °C to 700 °C for a fixed time of 30 hours, the surface hardness and Young’s 

modulus increased from 15.8 GPa to 17.7 GPa and 216 GPa to 223 GPa respectively.  

The general increasing tendency for the hardness and Young’s modulus is related to 

integrity of the ceramic layer, as less porous/crack defects were observed (Figure 4.3-6).  

With further increasing the treatment temperature to 800 °C, i.e. CC7-8030, both the 

hardness and the Young’s modulus decreased to 11.7 GPa and 175 GPa respectively in 

comparison of sample CC7 because of the full decomposition of the ceramic layer as 

well as the cracked surface (Figure 4.3-6 (h)).  However, the hardness still increased if 

compared with the Zr702-UN sample (3.0 GPa) which is due to contribution of the 

oxygen diffusion zone towards the surface hardness and Young’s modulus properties.     
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Figure 4.4-8 Surface hardness and Young’s Modulus of duplex treated samples 

Hardness vs. depth profiles of duplex treated samples are shown in Figure 4.4-9.  It can 

be seen that after OBD treatment at 600 °C, CC7-6010 and CC7-6030 samples 
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reach as deep as ~ 150 µm, no obvious hardness plateau is noticed, which suggests a 

complete decomposition ceramic layer and diffusion of oxygen into the zirconium 

matrix. These are in agreement with the cross section observation reported in section 

4.3.5.1 (Table 4.3-1) as well as the high oxygen plateau measurement in the GDOES 

test (Figure 4.3-4).  

It should also be noted that in comparison with the GDOES results (Figure 4.3-4), there 

is a big variation between the oxygen diffusion zone (ODZ) and hardness decreasing 

zone (HDZ) in the hardness depth profile, as an example for CC7-6030 the ODZ 

reaches a depth of about 21 µm, while the hardness keeps decreasing until about 35 µm.  

This is partially attributed to the oxygen solid solution hardening in the zirconium 

matrix as the case of CC treated samples.  On the other hand, it is also related with the 

formation of high pressure ω-Zr phase as evidenced by the SAD pattern from TEM 

observation (Figure 4.3-8 (b)).  It can also be seen that the core hardness of zirconium 

matrix after duplex treatment maintained at about 2.5 GPa, which is the same as for the 

CC alone treated samples. It thus follows that the OBD treatment did not cause any 

change in the substrate hardness.   
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Figure 4.4-9 Hardness depth profiles of duplex treated samples (a) CC7, CC7-6010 and CC7-

6030; (b) CC7-6030, CC7-7030 and CC7-8030 
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plotted in Figure 4.4-10 and Figure 4.4-11 of selected (for clarity) Zr702 and Zircaloy-4 

samples respectively.  

It can be clearly seen that generally the measured surface hardness decreased with 

increasing the applied load.  At the same indentation load, the hardness of the 10 hours 

OBD treated Zr702 samples increased with the increase of the treatment temperature.  

This is because the overall hardness represents the resistance to the indentation from 

both the hard surface ceramic layer and the subsurface case.  The critical load on which 

a nearly substrate hardness was measured was observed to be 10 g, 100 g and 200 g for 

samples Zr702-5010, Zr702-5310 and Zr702-6010; 25 g, 100 g, 200 g, 300 g for sample 

Zry4-4010, Zry4-5010, Zry45610 and Zry4-6010.  Samples CC treated at over 700 °C 

for 10 hours (i.e. Zr702-7010, Zr702-8010 Zry4-7010) exhibit gradual hardness changes 

with the indentation load without reaching the substrate hardness even under the 

maximum load of 1 kg as shown in Figure 4.4-10 and 4.4-11.   

Microscopy examination was conducted to observe cracks around generated indents.  

There are generally two kinds of cracks observed, with their typical images shown in 

Figure 4.4-12 (a) and (b).  Formation of circumferential/cone cracks around the indent, 

typical image from sample Zry4-5610 under a load of 100 g shown in Figure 4.4-12 (a), 

indicates the influence of the soft zirconium matrix.  This is formed mainly due to 

different plastic and elastic responses during the loading and unloading period in the test.  

This is intrinsically related to difference in hardness and Young’s modulus properties 

between the formed ceramic layer and the substrate, especially when the surface hard 

layer or coating is thin hence needs strong support from the substrate[193].   
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When the sample is treated at high temperatures for a long period, a thicker ceramic 

layer followed by a wider oxygen diffusion case is formed on sample’s surface.  

Generally, a high load bearing capacity is expected, but the formed ceramic layers 

become relatively brittle.  A typical example shown in Figure 4.4-12 (b) depicts the 

second form of cracks around the indent from Zr702-8010 at a load of 200 g.  The long 

cracks were initiated from the corner and propagated into the surrounding areas i.e. so-

called radial cracks.  The formation of these long cracks, which is catastrophic, indicates 

the brittleness of the modified surface and poor load bearing capacity of samples.   

In order to efficiently improve the LBC of samples whilst maintaining a relatively thick 

ceramic layer on surface, an oxygen boost diffusion process to improve the thickness of 

the diffusion zone underneath the surface oxide was designed and the relevant LBC 

properties results are presented in the next section. 

 

Figure 4.4-10 Load bearing capacity of CC treated samples for Zr702 
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Figure 4.4-11 Load bearing capacity of CC treated samples for Zircaloy-4 
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Figure 4.4-12 Two kinds of cracks around indents: (A) circumferential/cone crack around indent 

from Zry4-5610 under a load of 100 g; (B) radical cracks around indent from Zr702-8010 under 

a load of 200 g.   

4.4.3.2 Duplex treated samples 

Duplex surface treatment was carried out on Zr702 alloys to examine the effect of OBD 

process on the layer quality of ceramic layer, especially for the purpose of generating a 

(a) 

(b) 
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thick oxygen diffusion zone underneath the converted oxide for improved loading 

bearing capacity and other mechanical properties.  The relevant LBC results are shown 

in Figure 4.4-13.  It can be seen that the LBC property under the maximum load of 1000 

g increased after the OBD treatment.   

Comparing the LBC curves for CC7-6030 and CC7 (Figure 4.4-13) reveals that the 

measured hardness from CC7-6030 is the same as that of CC7(i.e. Zr702-7010) sample 

with the exception of indent loads 10 g and 1000 g.  At 10 g, it is 1357 HV and 1297 

HV for CC7-6030 and CC7 respectively.  This is related with the ceramic layer integrity, 

as less cracks defects on duplexed treated sample are observed (Figure 4.3-6).   In terms 

of load condition 1000 g, CC7-6030 exhibits a hardness of 536 HV while it is 459 HV 

for CC7, which is related to the thickened ceramic layer (Table 4.3-1).   

The hardness of CC7-7030 is consistently higher than that of sample CC7.  Bearing in 

mind the decreased thickness from 9.0 µm for CC7 to 7.7 µm for sample CC7-7030 

(Table 4.3-1), it can be deduced that the increased diffusion zone by the OBD treatment 

should have played a significant role in improving the loading bearing capacity of the 

OBD treated CC7-7030 sample.   

For CC7-8030, however, the hardness vs. load curve is below that for all other OBD 

treated samples when the applied load is below 850 g, which is due to the complete 

decomposition of the ceramic layer formed on the surface during the first treatment (i.e. 

CC7 or Zr702-7010).   
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Figure 4.4-13 Load bearing capacity of CC7 duplex treated samples 
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characterised by pitting corrosion behaviour, where the exchange current has a sudden 

rise at a certain potential (pitting potential).  While for Group B, they have a peak at 

high potentials after which is the transpassivity region.  Group C samples exhibit a 

general uniform corrosion characteristic where the exchange current gradually increases 

with the increase of the applied potential.   

It can be seen that the anodic zone of the polarisation cure for Zr702-UN depicts a 

sudden increase of corrosion current at a potential of about 0.35 VSCE (Voltage against 

Supersaturated Calomel Electrode (SCE)), which is the pitting potential for the sample.  

After the pitting potential with further increasing the applied potential, the corrosion 

current remained as a high value above 1 mA.  Therefore, it can be suggested that for 

the untreated Zr702 surface it is broken down mainly by localised pitting corrosion, 

which is often caused by anions, especially chloride ions[100, 101].  Another typical 

example belonging to Group A is treated sample Zr702-4010.  It also exhibits a current 

plateau at potential ranging from -0.1 ~ 0.4 VSCE with the current being about 720 pA 

followed by pitting corrosion which breaks down the passivation film formed on Zr702-

4010 during CC treatment.  Pitting corrosion of sample Zr702-4010, as shown in Figure 

4.5-1, starts from 0.43 VSCE, which is marginally more positive than that of Zr702-UN.   

This suggests a slightly improved pitting corrosion resistance.  It should also be noted 

here that the very low steady current on the plateau (720 pA), so-called the passive 

current (noted as ip), which represents the protectiveness of the film.   

For the Group B samples, a current plateau is also noticed but not as flat as that for 

Zr702-4010.  On the other hand, different from Group A samples, an transpassivity 

region was observed, where water dissolution reaction is believed to take place.  The 
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readouts for the passivation current are 1.8 nA, 660 pA and 9.1 nA for Zr702-5310, 

Zr702-5350 and Zr702-5610 respectively. 

The potentiodynamic curve for Group C samples with very thick ceramic layers formed, 

such as Zr702-8010, is presented in Figure 4.5-1.  It can be seen that Zr702-8010 is 

characterised by the lowest Ecorr among all the treated samples and an exchange current 

even larger than that of Zr702-UN, which is caused by localised corrosion through 

blisters formed on the sample surface during CC treatment.  Therefore, this indicates a 

poor corrosion resistance of Zr702-8010 sample.   

The measured Ecorr and icorr values together with the ip for typical tested samples are 

listed in Table 4.5-1.  Ecorr is a strong indicator for good corrosion resistance in terms of 

the starting potential for the corrosion reaction to occur, while icorr indicates how fast the 

corrosion reaction is.  The more positive the Ecorr is and the smaller icorr is, the better 

corrosion resistance the sample will have.  It can be clearly seen that Zr702-5350 

exhibits the most positive Ecorr and the smallest icorr, with their values being -29.9 VSCE 

and 0.07 nA respectively.   

Sample Zr702-4010 and Zr702-5310 have relatively good corrosion resistance 

properties in term of their Ecorr and icorr values.  Zr702-5310 shows a more positive Ecorr 

(-48.1 mV) than Zr702-4010 (-66.5 mV); while Zr702-4010 has the smaller corrosion 

current density of 0.5 nA compared that (1.5 nA) of Zr702-5310.  However, it should 

also be mentioned that Zr702-4010 is characterised by a low pitting potential of 0.43 

VSCE; no pitting corrosion has occurred to samples within B Group during the whole 

electrochemical corrosion test.   
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In overall, judging by all the electrochemical corrosion parameters including Ecorr, icorr, 

ip and corrosion potential, Zr702-5350 has demonstrated the best anti-corrosion 

properties among all of the CC treated Zr702 alloys, followed by samples Zr702-5310, 

Zr702-5610, Zr702-4010 and Zr702-8010.   

Post-test SEM observation of the electrochemical tested samples surfaces was 

conducted and the results are shown in Figure 4.5-2.   Figure 4.5-2 (a) shows a part of 

the corroded area of Zr702-UN due to the large size of the corroded surface which 

couldn’t be captured under microscopy (both electron and optical).  Figure 4.5-2 (b) 

shows the corrosion pit observed on tested Zr702-4010 surface.  Those observations 

confirm pitting as the main corrosion failure mechanism for both Zr702-UN and Zr702-

4010.  It should be noted that the corrosion pits are relatively large because the SEM 

image was taken after the electrochemical test and therefore, it is not an in situ record of 

the pit.   

High magnification images taken inside the corrosion pits formed on Zr702-UN and 

Zr702-4010 are presented in Figure 4.5-2 (c) and (d) respectively.  It can be clearly seen 

that even both Zr702-UN and Zr702-4010 exhibit a pitting macro-morphology, the 

micro-morphologies are different: beecave-like morphology with many micro pits on 

severely corroded Zr702-UN surface; scale-like morphology from Zr702-4010 sample.  

Meanwhile, Zr702-4010 also exhibited 2nd corrosion pits inside the primary corrosion 

pit.  Considering the morphology changes on the edge of the corrosion pit in Figure 

4.5-2 (a), those different morphologies observed indicate different stages during the 

electrochemical corrosion test.   
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Uniform corrosion morphology was observed on the corroded surface of Group B 

samples, and a typical image shown in Figure 4.5-2 (e) was taken from corroded Zr702-

5610 sample.  It can be seen that there are no clear corrosion features on the corroded 

surface indicating the good anti-corrosion properties under the tested conditions.   

For high-temperature CC treated Zr702-8010, localised corrosion started from the 

defected surface blisters around which cracks were also observed (Figure 4.5-2 (f)).  

The cracked modified layer and enlarged gaps between columnar grains observed on 

cross sections are believed to provide a short-circuit passage for reaction anions. 

Table 4.5-1 Measured Ecorr and icorr of as-received and treated CC samples of Zr702 

Sample Code Ecorr, mV icorr, nA ip, nA 

Zr702-UN -560 13.1 N/A 

Zr702-4010 -66.5 0.5 0.72 

Zr702-5310 -48.1 1.5 1.8 

Zr702-5350 -29.9 0.07 0.66 

Zr702-5610 -283.3 4.4 9.1 

Zr702-7010 -400 1060 N/A 
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Figure 4.5-1 Polarisation curves of treated and untreated Zr702 samples in 3.5 wt% NaCl 
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Figure 4.5-2 SEM images of Zr702 corrosion tested samples: (a) Zr702-UN, edge of the 

corroded area; (b) Zr702-4010, corrosion pit; (c) Zr702-UN, corrosion morphology inside 

corrosion pit of Zr702-UN; (d) Zr702-4010, showing micro-pit inside corrosion pit of Zr702-

4010; (e) Zr702-5610, showing uniform corrosion; (f) Zr702-8010, showing localised corrosion 

through ceramic surface blisters.   
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4.5.1.2 Zircaloy-4 

Results of electrochemical polarisation tests on Zircaloy-4 alloys are given in Figure 

4.5-3, while Figure 4.5-4 depicts the post-test corrosion morphology observed under 

SEM.  Similar to those of Zr702 samples, typical polarisation curves for Zircaloy-4 can 

generally be divided into 3 groups as marked A, B and C in Figure 4.5-3.   

For Zry4-UN sample, the corrosion current density increases gradually with the 

increasing of potential until the pitting potential Ep 1.75 VSCE which is much more 

positive than 0.43 VSCE of Zr702 sample, suggesting better pitting corrosion resistance.  

Corrosion morphology is shown in Figure 4.5-4 (a), which reveals pits at the corroded 

surface of sample Zry4-UN.   

Unlike Zry4-UN, sample Zry4-4010 demonstrates a quick increase of current with the 

applied voltage.  The increasing gradient is up to 18 mA/VSCE, which is nearly 2×105 

times than that of Zry4-5310 (9.4×10-6 mA/VSCE) at between 0.6 to 1.0 VSCE.  However, 

it is still marked as Group A due to the pitting corrosion morphology observed in Figure 

4.5-4 (b).  High magnification images inside the corrosion pits for Zry4-UN and Zry4-

4010 are shown in Figure 4.5-4 (c) and (d).  Both of them exhibit a highly corroded 

surface.    

Examples of Group B polarisation curves are from Zry4-5310 and Zry4-5610, which 

exhibited a transpassivity region characterised by a peak at 1.67 VSCE which is the same 

as those Zr702 CC treated sample as aforementioned in section 4.5.1.1.  The current 

densities for Zry4-5310 and Zry4-5610 are comparable, both of which are the smallest 

among all the CC treated Zircaloy-4 samples.  In addition, sample Zry4-5310 depicts a 

current plateau between 0.08 VSCE and 0.55 VSCE which is similar to that of Zr702-4010 
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and the passivity current ip is 65 nA.  Therefore, overall Zry4-5310 and Zry4-5610 

exhibit the best anti-corrosion properties.  From the post corrosion morphology 

observation (Figure 4.5-4 (e)), it can be seen clearly that different from that of Zr702 

samples, grain boundaries have played a significant role in the electrochemical-

corrosion process. Interestingly, those grain come from the substrate zirconium instead 

of the ceramic layer (about 50 nm in width as shown in TEM section 4.2.5.2 Figure 4.2- 

28 (a)).  This is believed to be related with the un-oxidised secondary phase in Zircaloy-

4 as reported by Pecheur et al.[194].   

Group C sample demonstrates the lowest corrosion potential and a higher corrosion 

current in comparison with Group B sample.  A typical post corrosion morphology 

under SEM observation is given in Figure 4.5-4 (f), showing cracks on the corroded 

surface.  This increased current is therefore attributed to the cracks.  Formation of the 

cracks during the corrosion is believed to be related to cracks on the surface, as 

mentioned in previous modified layer observation in section 4.2.5 (Figure 4.2-19 (f)).   

The measured Ecorr and icorr values are shown in Table 4.5-2.  It can be seen that sample 

Zry4-5610 depicts the most positive Ecorr i.e. 23.6 mVSCE, followed by Zry4-5310 with a 

slightly more negative value of -27.0 mVSCE.  Therefore, the corrosion for Zry4-5310 

needs a lower voltage to initiate.  Comparison of the icorr, however, shows that Zry4-

5310 and Zry4-5610 exhibit a corrosion current of 5.2 nA and 0.7 nA respectively, 

which suggests a slower reaction rate for Zry4-5610.  Zry4-4010 also demonstrates a 

relatively positive Ecorr of -89.5 mV, together with the smallest icorr among all CC 

treated Zircaloy-4 samples.  However, the rapid increase of corrosion current and the 
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abnormal pitting morphology as aforementioned, suggests a relatively poor corrosion 

resistance at high voltages.   

Table 4.5-2 Measured Ecorr and icorr of as-received and treated CC samples of Zircaloy-4 

Sample Code Ecorr, mV icorr, nA 

Zry4-UN -283 83.5 

Zry4-4010 -89.5 0.2 

Zry4-5310 -27 5.2 

Zry4-5350 -408 40.4 

Zry4-5610 23.6 0.7 

Zry4-6010 -176 0.8 

Zry4-7010 -481 15.1 

 

 

Figure 4.5-3 Polarisation curves of typical Zircaloy-4 samples in 3.5 wt% NaCl 
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Figure 4.5-4 SEM images of Zircaloy-4 corrosion tested samples: (a) Zry4-UN, showing 

corrosion pit; (b) Zry4-4010; (c) Zry4-UN, corrosion morphology inside corrosion pit of Zry4-

UN; (d) Zr702-4010, corrosion morphology inside corrosion pits; (e) Zry4-5310, showing 

uniform corrosion through grain boundaries; (f) Zr702-7010, showing corrosion crack on the 

surface. 
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4.5.2 Duplex treated samples 

Similar potentiodynamic polarisation test was also carried on duplex surface treated 

samples.  The resultant curves are shown in Figure 4.5-5, which depict the improved 

anti-corrosion performances of duplex treated samples in comparison with the untreated 

Zr702 and sample CC7 (i.e. Zr702-7010).   

It can be clearly see that CC7-6010 and CC7-6030 depict almost the same polarisation 

curve regardless of the treatment time.  Hence, the treatment time has no significant 

effect on the corrosion resistance of 600 °C OBD treated samples.  On the other hand, 

when compared with the CC treated sample, i.e. CC7(Zr702-7010), they showed an 

increased Ecorr but increased icorr, which means that the corrosion reaction is more 

difficult to initiate but reacts quicker once it starts.  Considering the relevant XRD 

results reported in section 4.3.4, the corrosion behaviour of the OBD treated samples is 

believed to be related to the oxygen in the zirconia matrix.  Figure 4.5-6 (a) and (b) 

depict the typical post corrosion SEM morphology from tested CC7 and CC7-6030 

respectively.  Both of them exhibit blister accelerated localised corrosion.   

As shown in Figure 4.5-5, CC7-6010 and CC7-6030 depict the similar Ecorr and icorr 

values, while the exchange current at the anodic curve for CC7-7030 is generally 

slightly larger when compared with CC7-6030, only that there is a small sudden rise of 

the exchange current for CC7-7030 at about 0.72 VSCE, which is related to the further 

localised corrosion on the tested surface.  Besides the localised corrosion through 

surface, corrosion cracking is observed on sample CC7-7030 (Figure 4.5-6 (c)).  After 

the sample is corroded and oxidized at a local pit, the increased volume expansion 

induced by corrosion will generate and form the crack around this area.   
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Sample CC7-8030 exhibits a typical pitting corrosion polarisation curve, which is 

similar to that of Zr702-UN.   The pitting potential of CC7-8030 is 0.5 VSCE, which is 

higher than 0.35 VSCE for sample Zr702-UN.  Meanwhile, the Ecorr is clearly much more 

positive than that of Zr702-UN at the same time.  Both of them suggest an increased 

anti-corrosion properties of CC7-8030 in 3.5 wt% NaCl solution than Zr702-UN.  SEM 

observation reveals a different corrosion morphology (Figure 4.5-6 (d)) where hollows 

underneath the corroded surface are shown.  This suggests a crevice corrosion failure on 

sample CC7-8030, which will be further discussed in section 5.3.3.   

 

Figure 4.5-5 Potentiodynamic polarisation curves for duplex treated samples 
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Figure 4.5-6 Typical post corrosion SEM images of duplex treated samples: (a) CC7, showing 

localised corrosion through blisters; (b)CC7-7030, showing localised corrosion cracking; (c) 

CC7-8030, showing crevice corrosion; (d) CC7-8030, zoom-in image of arrow mark region in 

(c) showing hollow underneath corroded surface.   

4.6 Tribological properties 

4.6.1 Reciprocating wear test 

Reciprocating sliding wear tests were carried out against a WC/Co counterpart ball on 

selected samples from both CC treatment and duplex treatment.  Samples are selected 

based on the quality, hardness and load bearing capacity, and corrosion performance of 

the ceramic layer.  Coefficient of friction (CoF) values were recorded, wear volume loss 

was measured and post-wear observations were conducted, and the relevant results are 

reported in this section.   
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4.6.1.1 CC treated samples 

Figure 4.6-1 presents the corresponding CoF results for Zr702 samples.  The average 

CoF calculated from each 20 cycles was used to plot this bar graph.   It can be seen that 

a decreased CoF within first 40 cycles was observed on CC treated samples in 

comparison with untreated Zr702-UN and that the medium temperature (500 and 600 ºC) 

treated samples showed much lower CoF values than the untreated material for the 

whole test period (i.e. 100 cycles).   

As it shows, the untreated Zr702-UN exhibited a high coefficient of friction between 

0.41 and 0.46 under the test conditions, which is in consistent with the CoF value (0.5 ~ 

0.6) reported by previous studies[3, 74].  It is also noted that in general the CoF 

decreases with the test cycles. After CC treatment, the initial CoF within the first 20 

cycles of all the samples decreased to 0.13 ~ 0.20.  This is in agreement with the 

reported CoF of zirconia (< 0.3) at dry wear conditions against a cobalt-chromium 

counterpart[195, 196].  However, it can also be noted that unlike the 500 and 600 ºC 

treated samples which exhibited a relatively steady CoF value within 100 cycles, Zr702-

4010 showed a CoF peak at 0.56 within 41-60 cycles, while Zr702-7010 depicted a 

steady increasing CoF value.   

In order to observe the CoF variation of Zr702-4010 and Zr702-7010 with the wear 

cycles, Figure 4.6-2 shows the change of CoF within 100 cycles.  As demonstrated in 

the graph, the CoF of Zr702-4010 was the range of 0.12 ~ 0.20 at the beginning of the 

test; however, with the test going on, it significantly increased from Cycle 23 and went 

up to a peak CoF value of 0.67 at Cycle 43 before it then gradually reduced to a 

relatively steady value of 0.40.  In terms of Zr702-7010, even with a thick ceramic layer 
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of 9.0 µm as mentioned earlier, it depicted an almost monotonic increase of CoF from 

0.15 to 0.58.   

It is worthy to note that accumulative wear debris was observed during the sliding wear 

test process through visual observation, which is an indicator of the wear of the ceramic 

surface layer formed during the CC treatment. This is supported by the 2D wear track 

profile shown in Figure 4.6-3.  It can be seen that the depth of the wear track can reach 

up to 10 µm, which is far beyond the ceramic layer thickness of 0.16 µm as reported in 

section 4.2.5 (depicted in Figure 4.2-24).  Hence, initial wear occurred in the oxide layer 

and then resulted in a low CoF but when the oxide layer was gradually worn through the 

CoF increased step-by-step to the substrate value, which is typical for adhesive wear of 

Zr and Ti alloys.     

In terms of Zr702-7010, during the whole wear test process, there was not as much wear 

debris as in the test for Zr702-7010.  In addition, unlike the other CC treated samples, 

which exhibited a low surface roughness, the surface of sample Zr702-7010 is relatively 

rough (Ra = 0.152 µm) as mentioned in section 4.2.2 with beige blisters.  Hence, when 

sliding against the counterpart WC/Co ball, the high asperities were worn off first and 

acting as the third body which induced an increasing CoF until a steady state was 

reached. 

The CoF value variation of Zircaloy-4 samples is presented in Figure 4.6-4.  As it shows, 

similar to CC treated Zr702 samples, the CoF values of Zircaloy-4 samples are 

decreased by CC treatment, which is favourable for tribological application.    

It can be seen from Figure 4.6-4 that the untreated Zry4-UN has a CoF value of about 

0.38 ~ 0.40, which is lower than that of sample Zr702-UN (0.41-46).  This is believed to 
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be related to the microstructural and composition differences between these two alloys.  

Samples after the treatment demonstrated similar CoF values between 0.18 ~ 0.25 with 

the only exception of sample Zry4-7010 which exhibited a value of about 0.29 ~ 0.33.  

All of them are within the range of the previously reported CoF for zirconia (<0.3)[195, 

196].   

Unlike Zr702-4010, Zry4-4010 exhibited a quite stable CoF of about 0.2 within 100 

cycles (Figure 4.6-4).  This is believed to be related to the thicker oxide layer formed on 

Zry4-4010 than on Zr702-4010 and hence with the wear occurred within the thick oxide 

layer for Zr702-4010.  In the case of Zry4-7010, even though it exhibited a higher 

surface roughness (Ra = 0.8 µm) than Zr702-7010, the former depicted a much lower 

and more stable CoF than the latter.  Indeed, as shown in Figure 4.6-2 the CoF of Zry4-

7010 was almost constant throughout the whole test period. This is probably due to the 

elimination of the blisters observed on the surface of Zr702-7010.   

 

Figure 4.6-1 Measuered CoF of untreated and CC treated Zr702 
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Figure 4.6-2 CoF variations of Zr702-4010, Zr702-7010, Zry4-4010, Zry4-7010 samples from 

cycle 1 to 100 

 

Figure 4.6-3 2D wear track profile for sample Zr702-4010 
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Figure 4.6-4 Measured CoF of untreated and CC treated Zircaloy-4 

As it has been mentioned in the experimental section, the wear volume loss of the tested 

sample was calculated from the 2D profiles of the wear track.  Then the wear rates were 

calculated by dividing the wear volume loss by the normal force.  Wear test was carried 

out on each sample for at least three times.  The average value was taken and the 

standard deviation was used as the error for each sample.  The corresponding results are 

shown in Figure 4.6-5.   

It can be seen that all the CC treatments can reduce the wear of Zr702 and Zircaloy-4 

alloys reciprocating against a WC/Co ball.  However, it is noted that whilst most CC 

treated samples can significantly reduce the wear rate by thousands of times compared 

with untreated Zr702 and Zircaloy-4 the low-temperature treated Zr702-4010, Zr702-

5010 and Zry4-4010 showed only marginally reduced wear.  This is mainly because the 

modified layers on these samples is too thin, less than 1 µm (Figure 4.2-20), to 
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It can also be found from Figure 4.6-5 that the wear rates for both Zr702 and Zircaloy-4 

samples decreased by increasing the treatment temperature to 530 and 560 ºC for 10 

hours but followed by an increasing tendency when further increasing the treatment 

temperature.  More specifically, the wear rate increased with the increasing of ceramic 

layer thickness provided that it was not worn through during the wear process.  

Considering the cross sectional layer quality observation mentioned in section 4.2.5.1, 

the defects as cracks and pores within the oxide layer and at the oxide/substrate 

interface can decrease the wear combat properties of the CC treated surface.  The 

smallest wear rates of 1.5 × 103 µm3/N and 9.9 × 103 µm3/N have been achieved on 

Zr702-5310 and Zry4-5010.  Therefore, the optimised CC treatment conditions for 

Zr702 and Zircaloy-4 are 530 °C/10 hours and 500 °C/10 hours respectively.  

It can also be noted that Zr702-UN (untreated Zr702) exhibited better wear resistance 

than Zry4-UN (untreated Zry4-UN), with their wear rate being 5.5 × 106 µm3/N and 8.8 

× 106 µm2/N respectively.  This is most probably related to the oxidation property of the 

wear particles generated and accumulated in the wear process.   When exposed to air, 

Zircaloy-4 readily reacts and forms zirconium oxide product quicker than Zr702.  The 

formed zirconium oxide with a high hardness of about 1300 HV can then act as third-

body abrasives and accelerate the wear of tested samples.   

Comparing the CC treated two alloys, the wear rate of Zr702 is generally smaller than 

that of Zircaloy-4 with the exception of samples treated under the 5010 condition (i.e. 

500 °C for 10 hours), where Zry4-5010 outperformed Zr702-5010 as the ceramic layer 

on Zr702-5010 was worn through.  This is related to the quality of ceramic layer as 

reported in section 4.2.5.1.  In general, the ceramic layer formed on Zr702 alloys is 
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denser with less porous smoother and harder than that formed on Zircaloy-4 samples 

when treated at the same CC conditions.  However, it should be pointed out that the 

wear resistance of CC treated surface also depends on the thickness of the oxide layer 

and the oxygen diffusion zone beneath and hence the load bearing capacity.  This is 

supported by the fact that the oxide layer formed on Zr702-5310 is 1.55 µm, which is 

much thinner than that (1.67 µm) formed on Zry4-5310 (Figure 4.2-20).   

 

Figure 4.6-5 Wear rate comparision for CC treated samples of Zr702 and Zircaloy-4 

Post-test wear morphology observation was carried out under SEM on wear tracks 

formed on both tested surface of selected samples for wear mechanism analysis.  

Typical wear track morphologies for Zr702 are shown in Figure 4.6-6.   

It can be seen that for the untreated Zr702 the tested surface is rough, with ploughing 

grooves parallel to sliding directions and adhesive craters (as marked in Figure 4.6-6 
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strong tendency to adhesion.  The rupture of these adhesive joints within the weaker 

zirconium asperities then caused the craters formed on the worn surface.  On the other 

hand, the transferred zirconium becomes work-hardened or even oxidized after a few 

wear slides, which in turn led to the severe abrasive wear grooves.   

In the case of CC treated Zr702 samples, only a mild wear occurred on Zr702-5310, as 

evidenced by the greatly smoothened worn surface with only a few fine wear grooves 

(Figure 4.6-6 (b)).  This is largely because the hardness of the modified surface is 

competent with that of WC/Co balls.  The asperities in contact would be plastically 

deformed and even grinded off due to the sliding with the WC/Co counterpart ball, 

making the worn surface much smoother.  However, it can also be seen in the BSE 

images that there are some vertical ripples (Figure 4.6-6 (d) which are perpendicular to 

the sliding direction on the wear track.  The ripples are formed because of the plastic 

deformation of the substrate under the modified layer.  This is part of the reason for 

samples to be duplex surface treated.   

Severe wear was observed on Zr702-8010, as can be easily seen from the partial 

spallation of the surface (Figure 4.6-6 (c)).  It is worth noting that the spalled area is not 

across the whole ceramic layer, but only located at the very top surface.  As shown in 

the 2D wear track profile in Figure 4.6-7, the maximum wear track depth, where the 

surface was spalled as marked Figure 4.6-6 (c) is only 2.0 µm which is much smaller 

than the oxide thickness (20.5 µm).  However, as discussed earlier, a thick oxide layer 

formed at high temperature contains many lateral cracks parallel to the oxide/substrate 

interface. Under the tangential fictional force, delamination or spallation of the cracked 
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oxide layer will occur.  Delamination wear may also be caused by nucleation and 

propagation of microcracks at a subsurface area.   

In the case of Zircaloy-4, shown in Figure 4.6-8, wear track on Zry4-UN depicts similar 

ploughing grooves and adhesive craters as Zr702-UN.  For the CC treated samples, one 

typical image from Zry4-5310 after wear test shows similar smoothed surface as Zr702-

5130 samples. However, spallation or delamination occurred to the wear surface on the 

700 °C/10 hours treated Zry4-7010 samples.  This is in agreement with the cross section 

observation of treated samples where Zircaloy-4 exhibited higher oxidation rates than 

Zr702 when treated at the same conditions.   

 

Figure 4.6-6 SEM images of typical wear tracks of CC treated Zr702 samples 

(a)Zr702-UN (b)Zr702-5310 

(c)Zr702-8010 (d)Zr702-5310 
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Surface spallation 
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Figure 4.6-7 2D wear track profile of CC treated sample Zr702-8010 

 

Figure 4.6-8 SEM images of typical wear tracks of CC treated Zircaloy-4 samples 
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4.6.1.2 Duplex treated samples 

Similar to CC treated samples, CoF was also measured and recorded for duplex surface 

treated samples.  The results are shown in Figure 4.6-9.   

As aforementioned in section 4.6.1.1, the CoF of sample CC7 (i.e. Zr702-7010) 

increased gradually from 0.20 to 0.63 with the CoF test process going on.  After OBD 

treatment, it can be clearly seen from Figure 4.6-9 that the OBD samples (excluding 

CC7-8030) showed a decreased and steady CoF value of about 0.17.  This must be 

related to the change of ceramic layer property during the OBD treatment, which is to 

be discussed in section 5.5.  CC7-8030 showed a comparable but much scattered CoF 

values, which is due to the lack of ceramic layer protection of the oxygen diffusion zone.   

 

Figure 4.6-9 CoF comparison of duplex surface treated samples 
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exhibited a further decrease of wear rate, which means a further improvement of the 

wear resistant property.   

The wear rate decreased with increasing the treatment time at 600 °C as evidenced by 

the comparison between CC7-6010 and CC7-6030, which showed a wear rate of 10500 

µm3/N and 6500 µm3/N respectively.   With temperature increasing from 600 °C to 

700 °C for a fixed 30 hours of OBD treatment the wear resistance of the surface showed 

a slightly increased average wear volume loss from 6500 µm3/N for CC7-6030 to 7200 

µm3/N for CC7-7030.  Further increasing OBD treatment temperature to 800 °C vastly 

reduced the wear performance of the surface, which is due to the change of the 

composition and structure of the modified layer.  As shown in Section 4.3.1 (Figure 

4.3-6) the modified surface of sample CC7-8030 is hard, brittle and cracked with almost 

no oxide layer although a thick diffusion zone of about 300 µm is formed. When 

opposed to the counterpart ball at the wear test condition, wear debris can be easily 

formed and the accumulated wear debris would be further oxidized, thus accelerating 

the wear process.    
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Figure 4.6-10 Wear volume loss comparison of duplex surface treated samples 

Wear track observation showed three different wear tracks on the duplex treated 

samples and the typical SEM micrographs are shown in Figure 4.6-11 ~ Figure 4.6-13.   
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analysis of the wear debris shows a composition of mainly Zr and O, which is 
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Clear cracking patterns at both sides of the wear track which are perpendicular to the 

sliding direction are observed as shown in Figure 4.6-11 (b).  This is because of the 
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brittleness of the very top surface of the modified layer.  On the other hand, microcracks 

at the central area of the wear track is noticed.   

Wear track morphology observed from sample CC7-7030 is shown in Figure 4.6-12 

reveals only mild smear of the wear tested area.  No clear microcracks on the wear 

tracks are observed.  This is the reason why CC7-7030 demonstrated the best anti-wear 

performance among duplex treated samples with the consideration of the decreased 

ceramic layer thickness (7.7 µm as shown in Table 4.3-1).   

In the case of CC7-8030, the main wear mechanisms are adhesive wear and wear debris 

induced abrasive wear, and the adhesive craters and deep ploughing grooves are 

observed in the wear track images shown in Figure 4.6-13.  The zirconium patches 

observed on the counterpart ball, shown in Figure 4.6-13 (d), are also strong indications 

of adhesion.  Along the wear track edges, beach-like craters (Figure 4.6-13 (c)) are 

observed because of the strong adhesion between the Zr(O) and the WC/Co ball within 

the dry sliding test.  It is also interesting to note that the wear performance of CC7-8030 

is even worse than Zr702-UN.  This could be partially attributed to the brittle and 

cracked surface (Figure 4.3-6) and partially attributed the interstitial oxygen existed in 

the oxygen diffusion zone.  The high level oxygen makes it easy for the wear debris to 

be oxidised to zirconia, which could act as hard abrasives, thus accelerating the wear 

process.  Furthermore, the enlarged grain size of zirconium matrix is believed to be 

another factor that contributes to the increased wear volume loss through grain pull-

out[197].   
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Figure 4.6-11 SEM images of tested sample CC7-6010 (a): wear track, SE, showing abrasive 

wear grooves; (b) wear track, BSE, showing vertical crack at wear track edges; (c) zoomed in 

image of arrow mark area in (a), showing the microcracks at inside the wear groove; (d) WC 

counterpart ball, showing the wear scratches.  

 

Figure 4.6-12 SEM images of wear track of sample CC7-7030 

c d 

a b 
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Figure 4.6-13 SEM images of tested CC7-8030: (a) wear track; (b) and (c) marked area in image 

(a), showing wear grooves and adhesive craters characteristics on the wear track (d) WC ball 

surfaces, (especially at the edge of the track track) with the of zirconium wear patches. 

4.6.2 Fretting test 

As mentioned earlier in the experimental section 3.3.4.4, fretting test was carried out on 

CC treated nuclear grade Zry4-5310 sample in comparison with the as-received 

Zircaloy-4 alloy in order to study its response to fretting damages due to the wide 

application of Zircaloy-4 alloy in the nuclear industry where fretting is encountered.  

The as-received Zirclaoy-4 and CC treated Zry4-5310 are noted as untreated and treated 

respectively from here afterwards.  The relevant fretting test results are presented in this 

section.   
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4.6.2.1 Friction coefficients and fretting wear volume losses of tested samples 

Figure 4.6-14 depicts the evolution of coefficient of friction (CoF) of both the treated 

and untreated samples in different lubrication conditions.  It can be seen that the CoF of 

the samples tested in 3.5 wt% NaCl and DI water first increased gradually with the 

fretting test cycles until a relatively steady value.  Therefore, the whole fretting test 

period could be divided into two stages: running-in stage and stable stage.  It took about 

1000 and 2000 cycles to reach the stable stage when both the treated and untreated 

nuclear grade Zirclaoy-4 alloy were tested in 3.5 wt% NaCl and DI water respectively . 

The steady CoF measured for the untreated sample is about 0.30 and 0.20 in DI water 

and 3.5 wt% NaCl solution respectively; while it is about 0.50 and 0.42 for the treated 

samples accordingly.   

The following observations could be noticed by comparing the CoF shown in Figure 

4.6-14.  Firstly, the CoF values for both the treated and untreated materials are lower 

when samples are measured in 3.5 wt% NaCl solution than in DI water.  Secondly, the 

CoF for the treated sample is higher than that of the untreated materials when tested in 

both solutions used.  This is the opposite to the CoF results reported in section 4.6.1.1 

where reduced CoF by the CC treatment is demonstrated during reciprocating sliding 

tests.  This is because CoF is not an intrinsic property of a material but rather a function 

of test conditions including the load, counterpart, the mode of relative movement, speed, 

frequency, amplitude, lubrication and environment (temperature, humidity etc.).   
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Figure 4.6-14 Friction coefficient of treated and untreated samples at fretting amplitude of 40 

µm: in solution (a) 3.5 % NaCl; (b) DI water.   

Figure 4.6-15 demonstrates the force vs. displacement (F-D) records when treated and 

untreated samples were tested in different solutions at 1000 and 10000 cycles.  It can be 

seen that in general the F-D loops for different test conditions for both samples 

exhibited a parallelogram shape, which corresponds to the gloss slip regime (see Figure 

2.2-15) of fretting wear.  The shape of the parallelogram is known to be related with the 

full slip and partial slip (as marked in Figure 4.6-15) period[198].  Hence, while both 

treated and untreated sample behaved in a similar partial and full slip in DI water, the 

untreated sample endured more full slip than the treated sample in 3.5 wt% NaCl.   

In order to quantitatively investigate the effect of the ceramic layer formation on 

Zircaloy-4 sample, the wear volume loss during the fretting test was quantified.  They 

were calculated from the whole fretting scars on the tested sample instead of from the 

cross section as in the previous reciprocating wear test due to the shape and depth of the 

wear scars.  The results are presented in Figure 4.6-16.   

It can be seen that the wear volume loss of untreated and treated sample is 140 µm3 and 

7.5 µm3 respectively in 3.5 wt% NaCl solution while it is 138 ×103 µm3 and 7.2 ×103 

µm3 in DI water accordingly.  Evidenced by the dramatically reduced wear volume loss 
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of Zircaloy-4 alloy by the CC treatment it can be concluded that the introduction of the 

ceramic layer formed during the CC treatment can significantly increase the anti-fretting 

property of Zircaloy-4 alloy.  Meanwhile it can also be noted that the addition of NaCl 

solute to the water solution can marginally increase the fretting wear of both treated and 

untreated Zircaloy-4 alloy samples for 2 × 103 µm3 and 0.5 × 103 µm3 respectively.   

 

Figure 4.6-15 F-D loops at cycle 1000 and 10000 showing consistent gloss slip regime for 

different fretting test conditions of both untreated and treated samples 
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Figure 4.6-16 Wear volume loss of tested samples during the fretting test 

4.6.2.2 Post fretting observation 

Post fretting observation of the fretting scars was carried out under optical microscopy 

and some representative images are given in Figure 4.6-17, where (a) and (c) show the 

fretting scar of untreated samples in DI water and 3.5 wt% NaCl respectively, while (b) 

and (d) are for the treated samples accordingly.  Figure 4.6-18 demonstrates the 2D 

fretting scar observation under confocal microscopy showing the scar contouring, while 

Figure 4.6-19 exhibits the 2D wear track profiles along the direction perpendicular to 

the fretting scars under different test conditions as labelled to present the scar depth 

more clearly.   

As it can be clearly noticed from Figure 4.6-17, after CC treatment the fretting scar 

became significantly smaller on treated sample tested under both conditions when 

compared with that of the untreated sample.  This is in good agreement with the wear 

volume measurement.     
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It is also found that on the fretting scar of untreated sample (Figure 4.6-17 (a) and (c)) 

black spots are clearly noticed, which correspond to the deeper craters shown in the 

confocal microscopy images (Figure 4.6-18 (b) and (d)).  This is a clear sign for the 

galling craters where zirconium batches were pulled out from the sample surface during 

the fretting test.  These craters observed on untreated sample in DI water are generally 

deeper (about -6 µm) than that in 3.5 wt% NaCl (about -3 µm) as more clearly shown in 

the wear depth profiles of the fretting scars (Figure 4.6-19).  Hence, even though only 

little difference (2 × 103 µm3 and 0.5 × 103 µm3 in 3.5 wt% NaCl and DI water 

respectively) was shown in terms of the fretting wear volume loss as mentioned in 

section 4.6.2.1, the NaCl solution in the 3.5 wt% NaCl solution has more effect on the 

localised fretting scar depth coming from the corrosion acceleration oxidation effect, 

where the active tribosurface of tested samples was generally more easily to be oxidized 

and the newly oxidized surface prevented further galling of zirconium.  Therefore, 

instead of a detrimental effect, the NaCl would reduce the localised fretting galling of 

untreated sample.   

On the fretting scars from the treated sample in both DI water and 3.5 wt% NaCl 

solutions (Figure 4.6-17 (b) and (d)), fretting wear scratches parallel to the fretting 

direction were observed.  Similar to those mentioned in the reciprocating wear track in 

section 4.6.1, these scratches came from the fretting abrasion between the hardness 

comparable tested sample and WC/Co counterpart balls.  Meanwhile, it can also be seen 

from Figure 4.6-19 that the wear depths of the fretting scars about the same when tested 

in DI water and in 3.5 wt% NaCl.  No clear wear/galling craters were noticed on the CC 

treated samples.  Hence, no clear evidence was shown on the effect of the lubrications 

between 3.5 wt% NaCl and DI water on treated samples.   
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Figure 4.6-17 Microscopy observation of fretting scars at different test conditions as marked on 

each images 

(a) (b) 

(c) (d) Black spots 
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Figure 4.6-18 2D wear track observation at amplitude 40µm: (a) treated sample at 3.5 wt% 

NaCl; (b) untreated sample at 3.5 wt% NaCl; (c) treated sample at DI water; (d) untreated 

sample at DI water.   

 

Figure 4.6-19 2D wear track depth profiles at the fretting scars at tested conditions 

(a) (b) 

(c) (d) 
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5 DISCUSSION 

5.1 Microstructure of ceramic layer 

5.1.1 Surface morphology 

Although zirconia ceramic has long reported to have a tooth colour[199], as it has been 

reported Section 4.2.1, the oxide films formed on Zr702 and Zircaloy-4 alloys have 

revealed different visual colours under the treatment conditions used in this study. This 

ranges from the blueish colour of Zr702-4010, through the dark grey/black colour for 

most treated samples to the beige colour: beige blister (Zr702-7010 and Zr702-8010), 

beige batches (Zry4-6010, Zry4-6020, Zry4-6030 and Zry4-7010) and the full beige 

colour for Zry4-8010.   

The varying surface colour has been observed during the oxidation of zirconium alloys 

in different atmospheres (e.g. air, oxygen, water and steam) and/or at different 

temperatures.  The thickness of oxide film formed on zirconium alloys is thought to be 

contributed to the different surface colours formed on the treated samples, and indeed 

based on this relationship, the variation in colour could even be used as a method of 

oxide film thickness measurement[200, 201].   

Combining Figure 4.2-20 with Figure 4.2-24 in Section 4.2.5.1 which depict the 

ceramic layer thickness as a function of different treatment conditions, it can be 

summarize that when the oxide thickness is less than 0.6 µm, the oxide layer is blueish 

coloured; when it is in the range between 0.6 µm and about 5 µm, the surface is dark 

black; and if it reaches to 5 µm or above, a beige blistered or patched surface is 

exhibited depending on the zirconium alloy composition.  This is in line with the 
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findings by previous researchers [159] where anodized zirconium surface changed to 

gold, red, then green, blue and black when the thickness increases.  Meanwhile, surface 

colour change from black to beige also implies an oxidation kinetics change, where the 

reaction order increased from parabolic to linear (see discussion in Section 5.2).   

The reason for the observed colour variation after the oxidation of Zr and its alloys has 

also been attributed to the Zr/O ratio in the oxide layer.  A lack of sufficient oxygen (i.e. 

non-stoichiometric) in zirconia can cause the dark colour (black, grey, brown) of 

zirconia thin films [202].  This blue to black colour change [203] depends on the 

zirconium and oxygen concentration in the oxidized alloy and process conditions: a low 

oxygen concentration (i.e. a high concentration of substrate zirconium) in the oxidized 

surface will generate a colour towards blue due to its non-stoichiometric nature and 

fully stoichiometric zirconia  is beige coloured.   

More recently, there has been further research by P. Tejland et al.[204] using 

spectrophotometry into the black coloured oxide formed on Zircaloy-2 alloys. This has 

revealed the excitation of localised surface plasmon (LSP) resonances in the metallic 

particles inside the oxide layer.  A LSP is the result of the confinement of a surface 

plasmon in a nanoparticle size comparable or smaller than the wavelength of light used 

to excite plasmon[205].  Therefore, it follows that the beige colour is the overall effect 

coming from the un-oxidized nanoparticles and the lateral cracks throughout the 

ceramic layer formed at relatively high temperatures.   

This is in consistent with the results from previous researches[206] and from the present 

work. This is evidenced by which the formation of cracks perpendicular to substrate 

especially (Figure 4.2-19 (f)).   



194 

 

5.1.2 Phases evolution 

As reported in Section 4.2.4 and 4.2.5.2, static XRD and TEM phase identification have 

revealed that the ceramic layer formed during CC treatment is mainly made up of 

monoclinic zirconia together with traces of tetragonal zirconia.  Dynamic XRD scan 

results also have shown some peaks from tetragonal zirconia phase for both Zr702 and 

Zircaloy-4 alloys.  Those observations are in agreement with some precious researches 

[130, 188, 206-208] although there should not be tetragonal zirconia at room 

temperature according to the phase diagram (Figure 2.3-1). However, the formation 

mechanism of tetragonal phase has been a topic for debate.  Godlewski et al.[209-211] 

attributed the stabilisation of tetragonal zirconia phase at room temperature to the 

compressive stress. However, earlier research also showed that the metastable tetragonal 

zirconia phase could exist at room temperature due to the crystallize size effect, and the 

critical size was found to be about 10 ~ 40 nm [212, 213].   

Despite the fact that t-ZrO2 has been detected in other researches and in this study, there 

is  a discrepancy in its amount reported in the literature [207] and experimentally 

measured in this investigation.  In the present research only a small proportion of t-ZrO2 

could be detected in the CC treated alloys at room temperature.  However, Motta et al. 

[118] found out that the tetragonal phase fraction varied from 4-15% throughout the 

oxide film formed on Zircaloy-4 alloy using micro-beam synchrotron radiation.  In situ 

XRD analysis by Petigny et al.[133] also revealed a tetragonal phase fraction up to 14% 

at the metal/oxide interface.  But no strong peaks for t-ZrO2 phase were detected from 

the dynamic X-ray test in this study.   

However, decreasing tendency of the tetragonal phase fraction on the treated zirconium 

sample with increasing exposure time has been noticed for the in situ XRD 
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measurement especially on Zr702 alloy (Figure 4.2-17), which suggests that a phase 

transformation from t-ZrO2 to m-ZrO2 may have occurred inside the formed layer 

during the process.  This diffusionless martensitic phase transformation is accompanied 

with a volume increase, which is hence believed to be the cause for the formation of 

cracks and porosity in the ceramic layer.   

The potential reasons why a relatively low portion of tetragonal phase is identified by  

XRD (both static and dynamic) and TEM are as follows: (a) static XRD and TEM 

techniques are used at room temperature, and there is t-ZrO2 → m-ZrO2 transformation 

occurring during the cooling process; (b) X-ray analysis during the CC treatment, i.e. 

dynamic (in situ) test, only measured the phase constituent near the sample surface 

where the stress has already been relaxed; (c) the TEM technique which measures 

directly the phase constituent of the metal/oxide interface, is carried out on the sample 

that has been thinned to a thickness of less than 50 µm and hence the  residual stress is 

almost fully relaxed during the sample preparation process.   

In addition, the dynamic XRD test carried out in this project has also revealed shifted 

diffraction peaks as well as a new peak at position 2θ 43.3 °, which could be indexed to 

ZrO0.27.  This is mainly because when the surface starts to be oxidized, the formed 

ceramic layer is very thin so that the X-ray can penetrate through the thin oxide layer 

and detect the interface phase composition.  This is a similar case for thin film formed at 

some treatment conditions e.g. Zr702-4010, Zry4-4010 and etc., as well as metal/oxide 

interface only that the XRD detection was carried out at room temperature.  However, 

TEM characterisation clearly showed the SAD diffraction pattern from [21̅1̅0]ZrO0.27 

(Figure 4.2-26 (c)).   
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The formation of CC treated surface can be deduced based on the discussions above.  

The diffusion of the oxygen atoms into the zirconium substrate firstly forms a 

zirconium-oxygen solid solution (denoted as Zr(O)), which gradually reaches a 

saturation state where the oxygen atomic concentration is 29 % as shown in zirconium-

oxygen phase diagram in Figure 2.3-1. Then, the saturated solid solution transfers to 

ZrO0.27 when oxygen further diffuses in as evidenced by SAD diffraction patterns from 

the interface (Figure 4.2-26 (c) and Figure 4.2-28 (b)).  Therefore, the interface, where 

the zirconium and oxygen reaction takes place, consists of the un-oxidized metal 

zirconium and hexagonal ZrO0.27.  Finally, ZrO2 (both tetragonal and monoclinic) is 

formed as more oxygen diffuses in.  Allotropic transformation from the metastable t-

ZrO2 to more stable m-ZrO2 occurs when cooling from the treatment temperature after 

the ceramic conversion treatment, which leads to a volume expansion of up to 5 %. 

Hence, the resistance to the phase transformation from t-ZrO2 to m-ZrO2 decreases with 

the distance away from the metal/oxide interface due to the gradually reduced constraint 

towards the surface.  This also explains the decreasing trend of t-ZrO2 phase fraction 

from the metal/oxide interface to the surface.  

5.1.3 Structure 

Layer microstructure on samples without generating periodic lateral cracks (therefore 

Zry4-7010 and Zry4-8010 exclusive) can be generally divided into three sublayers: 

surface oxide layer, metal/oxide interface, substrate.     

The surface layer, where the sample in contact with the outside environment directly, is 

generally made up of zirconium oxides in terms of phase composition, which could be 

mainly m-ZrO2 with traces of t-ZrO2 as discussed earlier in Section 5.1.2.  The typical 

cross section TEM image in Figure 4.2-26 has shown a columnar microstructure with 
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longitudinal grains perpendicular to the metal/oxide interface for samples treated under 

certain treatment conditions.  The development of such longitudinal grains is oxide 

layer thickness dependent though.  For example, the CC formed oxide layer is relatively 

thin when samples are treated at temperatures below 500 °C and the grain structure 

cannot be easily recognised.  A growth from small grains to long columnar gains is 

therefore believed to happen during such surface treatments.   

At the metal/oxide interface, as has been discussed in Section 5.1.2, the transition from 

zirconium substrate to suboxide ZrO0.27 occurs.  The revealed grain structure is a prolate 

long grain which is thinner in Zircaloy-4 samples than that in Zr702 (Figure 4.2-25 (b) 

and Figure 4.2-2 (a).  As evidenced in Figure 4.2-26 (c), suboxide ZrO0.27 has been 

successfully identified from the SAD pattern from the interface layer. This is further 

confirmed by the preferred orientation of a metal/oxide front ZrO0.27 grain to the 

substrate Zr: [21̅1̅0] ZrO0.27 //[0001]Zr , (0002)//(⁡1̅010).   

As reported in SEM observations in section 4.2.5, cracks and porosity have been 

observed in the oxide layer close to the metal/oxide interface in some treated samples.  

Further study of the cracks has revealed fine equiaxed grains of about 80 nm in size, as 

shown in Figure 5.1-1.  Earlier researches showed the preference of equiaxed grains at 

the crack area to be t-ZrO2 [214, 215].   
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Figure 5.1-1 SEM observation on cracks showing equiaxed grains in the crack area with grain 

size of about 80nm 

5.1.4 Cracks 

In this research, it has been found that the occurrence of cracks is generally located at 

the area close to metal/oxide interface.  This may seem contradictory to some previous 

work which reported a dense and porous-free inner layer and an outer layer with lots of 

cracks [206, 215, 216].  This seemingly contradiction could be caused by the difference 

in the observation scales.  It can be seen from Figure 5.1-2 that they observed a fracture 

surface under a relatively low magnification whilst the SEM observation of the layer 

structures formed during CC treatment was carried out on metallographic surface under 

a relatively high magnification.  Therefore, these micro-cracks in this study are too 

small to be observed under such a low magnification they used.   

1µm 
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Figure 5.1-2 SEM graph of a fractured Zircaloy-4 sample with an oxide layer of about 120 

µm[206] 

It has been generally agreed that the observed cracks are related to the high compressive 

stress existing in the oxide layer.  However, it is a topic for debate how the residual 

compressive stress is developed.   Some researchers believe that this stress is attributed 

to the high Pilling-Bedworth ratio of about 1.56; others think it comes from the 

allotropic transformation from t-ZrO2 to m-ZrO2.  This is a martensitic transformation 

accompanied by a volumetric expansion of up to 5% and therefore generates a 

compressive stress around the formed m-ZrO2.  In addition, previous experimental 

observations also have shown that the transition from columnar to fine equiaxed gains is 

generally accompanied by the appearing of cracks[214, 215].   

Another phenomenon that has been noticed is that the cracks are observed to be 

accompanied by a localised thinning of the oxide film, for example Figure 4.2-18 and 

Figure 5.1-1 etc.  This suggests a depletion of oxygen around the crack areas; otherwise 

the oxide film would be thickened from a kinetics point of view.  Therefore, the reason 
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coming from the Pilling-Bedworth ratio cannot stand as it is an oxygen concentration 

increasing process.     

The results of EDX composition line scan across the cracked area are shown in Figure 

5.1-3.  No alloying element peak is detected other than a silicon (Si) peak which could 

come from the liquid used for sample polishing.  Hence, it seems that the formation of 

the cracks has nothing to do with the possible second phases inside the zirconium 

matrix.  Hence, it is reasonable to deduce that these microcracks are caused by the 

zirconia allotropic transformation induced volume expansion. 

 

Figure 5.1-3 Typical EDX analysis across crack formed at modified ceramic layer, showing a 

silicon peak at the cracking area which comes from the polishing liquid  

However, it still cannot explain why the cracks are generally parallel to the metal/oxide 

interface.  One possible reason for the preferred orientation of the cracks – parallel to 

the oxide/substrate interface could be explained by considering the stress development 

associated with the zirconia allotropic transformation.  As discussed above, this phase 

transformation will introduce up to 5% volume expansion.  However, the expansion 
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parallel to the surface will be constrained by the surrounding oxide layer while the 

expand at the direction normal to the surface should be much easier due to the plane 

stress status.  As a result, bulking or delamination occurs to partially release the stress 

caused by the zirconia allotropic transformation.    

When it comes to the duplex treated samples, as has been noticed in Section 4.3.5.1, the 

observed cracks are decreased when comparing with the corresponding CC treated 

samples.  This could be partially attributed to the thinning of the oxide layer formed by 

the pre-CC treatment during the OBD process; this could be also attributed to the 

inward diffusion of oxygen atoms and the resulting volume expansion of the substrate, 

which can reduce the residual compressive stress in the oxide layer formed during the 

CC treatment. 

As the CC treatment process keeps going on, the size and the number of these small 

lateral cracks increase until they are internally connected especially for CC treated 

Zircaoy-4 samples.  Periodic lateral cracks thus appeared as depicted in Figure 4.2-19 (f) 

and (g).  Measurement of two adjacent lateral cracks on Zircaloy-4 treated samples 

showed an average distance of about 2.2 µm, which agrees with the 2.0 µm observed by 

Bossis et al[217].  Based on this assumption, if a treatment at a relatively high 

temperature is held for a long enough period, Zr702 alloys could also show similar 

periodic oxide layer on the surface as evidenced by sample Zr702-8010 where an 

interconnected cracked interface is observed (Figure 4.2-18 (g)).   

In the end, the vertical cracks perpendicular to substrate formed as shown in Figure 4.2-

18 (g) and Figure 4.2-19 (g).  This is in consistent with the aforementioned previous 

research which also have shown the formation of cracks especially when the formed 
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oxide is thick enough, in Figure 5.1-2[206].  These vertical cracks are detrimental, 

which provide fast diffusion channels to oxygen and hydrogen and in the end contribute 

to the accelerated corrosion and hydrogen embrittlement.  Both in return have been 

reported to promote the formation of cracks [218, 219].   

5.2 Oxidation kinetics 

5.2.1 Reaction order and breakaway oxidation 

Reaction order has long been investigated for zirconium oxidation reaction.  The widely 

reported are the cubic, parabolic and linear reaction, for which the reaction order is 3, 2 

and 1 respectively.  A transition from parabolic to linear reaction during the oxidation 

process is called break-away oxidation, after which change of the surface colour and 

large cracks formation can be easily noticed.  Meanwhile, as previous research reported 

as well the oxide scale formed after breakaway oxidation is non-protective any more.  

Considering the results described in surface morphology and layer structure observation 

from both alloys, Zircaloy-4 has endured the breakaway oxidation in the current study.   

The following equations are used to study the reaction order (n), where 𝑥 is the oxide 

thickness:  

                                                                𝑥 = 𝑘𝑡1/𝑛                              Equation 5.2-1 

                                                         𝑙𝑛𝑥 = 𝑙𝑛𝑘 + (
1

𝑛
) 𝑙𝑛𝑡                    Equation 5.2-2 

Reaction temperatures of 400 and 600 °C are used for the examination of reaction order.  

The corresponding plots of ln𝑥 vs. ln𝑡  are shown in Figure 5.2-1 and Figure 5.2-2.  

According to the above equation, the slop of the linear line in Figure 5.2-1 is 1/𝑛.  
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Hence the calculated reaction orders for Zr702 and Zircaloy-4 at 400 °C are 2.7 and 2.3 

respectively.  This is between parabolic (n=2) and cubic (n=3), which is in agreement 

with the previous research results[220].  When the treatment temperature is raised to 

600 °C, the corresponding reaction order is 1.6 and 1.1 respectively.  Considering the 

previous slow reaction before the breakaway oxidation at relatively low temperatures, 

the reaction for Zircaloy-4 has changed to linear when the temperature is increased to 

600 °C.  This is in line with the visually observed surface colour change to beige.  

 

Figure 5.2-1 𝑙𝑛𝑥 vs. 𝑙𝑛𝑡 for Zr702 and Zircaloy-4 alloy at treatment temperature 400 °C: 

𝑥 stands for the ceramic layer thickness; t represents the treatment period of time 
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Figure 5.2-2 𝑙𝑛𝑥 vs. 𝑙𝑛𝑡 for Zr702 and Zircaloy-4 alloy at treatment temperature 600 °C: 𝑥 

stands for the ceramic layer thickness; t represents the treatment period of time 

5.2.2 Reaction process and activation energy 

As it is widely accepted for the oxidation of zirconium alloys, the growth of the ceramic 

surface layer is controlled by the inward oxygen diffusion through the thin oxide film. 

Therefore, the denser and thicker the oxide film is, the more difficult the oxygen 

diffusion will be.  Zirconium-oxygen reaction steps together with a simplified schematic 

diagram are shown in Figure 5.2-3.   

1) Oxygen molecules in the surrounding atmosphere are absorbed onto the 

zirconium surface.  As mentioned earlier air is used as the source of oxygen 

during the treatment.  Therefore, oxygen concentration 𝑐0 at the surface is 9.69 × 

10-3
 mol/L, which is deduced from 20.95 % (volume) of oxygen in the air. 

2) Oxygen molecules decompose into oxygen atom. The reaction is shown in 

Equation 5.2-3. 
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                                                     𝑂2 = 2[𝑂]                                  Equation 5.2-3     

At the equilibrium state, μ𝑂2=μ[𝑜], where μ𝑂2 and μ[𝑜] are the chemical potential 

of oxygen in gas and in solid Zr.   

 

Figure 5.2-3 Simplified schematic diagram of zirconium and oxygen reaction during the CC 

treatment 

3) Oxygen atom diffuses through the thin ceramic layer to the metal/oxide interface.  

The diffusion obeys the Fick’s second Law, as shown in Equation 5.2-4.   

                                                 
𝜕𝑐

𝜕𝑡
= −𝐷

𝜕2𝑐

𝜕𝑥2
                                 Equation 5.2-4 

Where D is the diffusion coefficient, 𝑐  is the oxygen concentration, 𝑥  is the 

distance of the point to surface and 𝑡 is the corresponding diffusion time. 

4) The oxygen at the metal/oxide interface then reacts with zirconium to form 

Zr(O), ZrO0.27, t-ZrO2 and m-ZrO2 respectively.   

                                                 Zr + [O] → Zr(O)                        Equation 5.2-5 

                                                 Zr(O) → ZrO0.27                          Equation 5.2-6          

                                                 Zr + O2 → t-ZrO2                         Equation 5.2-7 

                                                 Zr + O2 → m-ZrO2                       Equation 5.2-8 

                                                 t-ZrO2 →m-ZrO2                          Equation 5.2-9 
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The oxygen concentration at the metal/oxide interface is noted as ci, as shown in Figure 

5.2-3.   

Semi-finite solid solution for Fick’s second law is shown in Equation 5.2-10. 

                                               
𝑐𝑥−𝑐0

𝑐𝑖−𝑐0
= 1 − erf⁡(

𝑥

2√𝐷𝑡
)                              Equation 5.2-10 

The erf function is the error function and the mathematical definition of the error 

function is given in Equation 5.2-11.   

                                          erf(𝑥) =
2

√𝑥
∫ exp(−𝑦2) 𝑑𝑦
𝑥

0
                        Equation 5.2-11 

The oxygen will react with zirconium substrate and keeps at an equilibrium state where 

ci will be kept as a constant value.  Therefore, it can be deduced from Equation 5.2-10 

that 
𝑥

2√𝐷𝑡
 is a constant.  This means that there is a linear relationship between 𝑥 and √𝐷𝑡, 

as shown in Equation 5.2-12, where 𝑘⁡1 is a constant. 

                                                             𝑥 = 𝑘⁡1√𝐷𝑡                              Equation 5.2-12 

1) In the case of treatment temperature being constant, the diffusion coefficient is 

constant. Therefore,  

                                                             𝑥 = 𝑘2√𝑡                                 Equation 5.2-12 

                                           Or             𝑥2 = 𝑘3𝑡                                   Equation 5.2-13 

where 𝑘⁡2 and 𝑘⁡3 are constant. 

Hence, a graph of 𝑥2 vs. 𝑡 is drawn in Figure 5.2-4, where a linear relationship can be 

noticed and the linear coefficient is 0.0031 and 0.0018 hours/µm2 for Zircaloy-4 and 
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Zr702 respectively.  This suggests a diffusion control of the reaction for both alloys at 

400 °C. 

 

Figure 5.2-4 𝑥2 vs. 𝑡 plots for Zr702 and Zircaloy-4 at treatment temperature 400 °C:⁡𝑥 stands 

for the ceramic layer thickness; t represents the treatment period of time 

2) If treatment time is constant, it would be  

                                                               𝑥 = 𝑘4√𝐷                            Equation 5.2-14 

                                             Or              𝑥2 = 𝑘5𝐷                             Equation 5.2-15 

where 𝑘4 and 𝑘5 are constant.   

Equation 5.2-16 shows the Arrhenius Equation.   
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𝑄
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)                       Equation 5.2-16 
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where D and 𝐷0 are the diffusion coefficient at the absolute temperature T (in K) and 0 

K, while 𝑄 is the diffusion activation energy.   

Deducing from Equation 5.2-14 or 5.2-15 and 5.2-16, it can be drawn that, 

                                                      ln(𝑥2) = 𝑙𝑛𝑘6 −
𝑄

𝑅𝑇
                          Equation 5.2-17 

Therefore, ln(𝑥2) is in linear relationship with reciprocal of absolute temperature.  The 

linear coefficient can be used to calculate the diffusion activation energy.   

 

Figure 5.2-5 Plot of ln(𝑥2)vs. 1/T at different treatment temperature for Zr702 and Zircaloy-4: 

𝑥 stands for the ceramic layer thickness; T represents the treatment temperature 

A graph of ln(𝑥2) vs. 1/T is plotted in Figure 5.2-5.  It can be seen that the linear 

relationship between ln(𝑥2) and 1/T is valid for the whole temperature range for Zr702 

as evidenced by R2 > 0.99.  for Zr702.    
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point is at 600 °C as evidenced by Figure 5.2-6 where the relationship between 𝑥2 vs. 𝑡 

is not linear any more for Zircaloy-4.  Therefore, the controlling process for the 

Zircaloy-4 reaction at 600 °C and above is changed.  This also matches the reaction 

order change and beige colour revelation in the surface morphology observation.   

 

Figure 5.2-6 𝑥2 vs. 𝑡 plots for Zr702 and Zircaloy-4 at treatment temperature 600 °C: 𝑥 stands 

for the ceramic layer thickness; t represents the treatment period of time 

Based on the points before 600 °C, the calculated diffusion activation energy for 

Zircaloy-4 is 147 kJ/mol where R2 > 0.99.  Therefore, the lower diffusion activation 

energy of Zircaloy-4 means higher diffusion rate through the formed ceramic layer on 

Zircaloy-4 alloy, which explains its higher oxidation rate than Zr702.  Combining the 

TEM microstructure characterisation where the columnar grain was measured to be 80 

~100 nm in width oxide layer on Zr702-5310, while it is only about 50 nm for that on 

Zry4-5310.  More grain boundaries therefore exist on Zircaloy-4 ceramic surface, which 

induces the lower oxidation activation energy.  
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5.2.3 Role of alloying element (Sn) 

As mentioned in section 3.1, the main composition difference between Zr702 and 

Zircaloy-4 is the composition between Sn.  As Zr 702 is often treated as a commercially 

pure Zr (due to the great similarity of physical and chemical properties between Zr and 

Hf), Zircaloy-4 is Zr-Sn alloys with a tin content of 1.2~1.7 wt%.   

It has been reported by many researchers, an addition of Sn content into zirconium 

alloys will generally increase its oxidation resistance[136, 190, 221].  This is in good 

agreement with the experimental results in this study as evidenced by the lower 

diffusion activation energy in Zircaloy-4 (132 KJ/mol) than Zr702 (147 KJ/mon) which 

leads to a thicker ceramic layer formed on Zircaloy-4 than on Zr702 when their samples 

are treated under the same conditions.   

Although the oxide thickness formed on both Zircaloy-4 and Zr702 increases with 

increasing the treatment temperature and/or time, the oxide layer on Zircaloy-4 is 

thicker than that on Zr702 when samples are treated under the same conditions.  

Regarding the layer quality, however, the oxide layer formed on Zircaloy-4 generally 

contains more cracks and porosity than that formed on Zr702 as described in Section 

4.2.3 (e.g. Figure 2-18 (e) and Figure 2-19 (e)), which is due to the presence of Sn 

explaining as follows: 

Presence of Sn in zirconium alloys is found to be able to stabilise the tetragonal zirconia 

phase in the oxide layer, as evidenced by the in situ XRD results (Figure 4.2-17).  This 

is in agreement with recent research by Garner[136].  However, from this point of view, 

it would reduce the allotropic transformation and hence lead to less cracking formation 

on the modified surface, which is contradictory to the aforementioned results.  It should 
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be pointed out that Sn may stabilise tetragonal zirconia during oxidation at a relatively 

high temperature and hence more t-ZrO2 would form. However, when cooled from the 

treatment temperature, t-ZrO2 will transfer to m-ZrO2, thus resulting volume expansion.   

Therefore, the more t-ZrO2 produced during CC treatment, the larger the total volume 

expansion when t-ZrO2 transfer to m-ZrO2 during cooling.  This will lead to a larger 

residual stress and severe cracking, which therefore caused the more cracks treated on 

Zircaloy-4 samples than Zr702.   

5.3 Corrosion property 

Zirconium and its alloys are well known for their good corrosion resistance even at very 

severe conditions such as acids and alkalis, high temperature steam etc.  The Pourbaix 

diagram of zirconium in water at 25 °C is shown in Figure 5.3-1 [222].  It can be seen 

that zirconium is passive at a wide PH range from 3.5 to 13.  The anodic passivation 

reaction occurring on zirconium is shown in shown in Equation 5.3-1.   

                                    𝑍𝑟 + 2𝐻2𝑂 − 4𝑒
− → 𝑍𝑟𝑂2 + 4𝐻

+                      Equation 5.3-1 

 

Figure 5.3-1 Potential-PH (Pourbaix) diagram of zirconium in 25 °C water[222], A and B are 

the water redox reaction 𝑂2 + 4𝐻
+ + 4𝑒− = 2𝐻2𝑂 and 2𝐻+ + 2𝑒− = 𝐻2 respectively. 
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5.3.1 Pitting corrosion 

When tested into a 3.5 wt% NaCl solution, as it has been observed in Section 4.5, both 

Zr702 (Figure 4.5-1) and Zircaloy-4 (Figure 4.5-3) have shown typical pitting 

characteristics in the polarisation curves.  As it can be seen from Pourbaix diagram as 

shown in Figure 5.3-1, during pitting process, the oxidation reaction on the tested 

samples is the dissolution of Zr matrix into the solution (shown in Equation 5.3-2).   

                                        𝑍𝑟 + 𝐻2𝑂 − 4𝑒
− → 𝑍𝑟𝑂2+ + 4𝐻+                   Equation 5.3-2 

The pitting corrosion, which happens at the localised defected area, is caused by 

localized acidification during the corrosion process.  The existence of Cl-  can also 

promote pitting on zirconium alloys, which is in consistence with the previous studies 

[6, 223-226].  The pitting potential is 0.35 VSCE and 1.75 VSCE for untreated Zr702 

(Zr702-UN) and Zircaloy-4 (Zry4-UN) samples respectively.  The better pitting 

corrosion resistance of Zry4-UN than that of Zr702-UN is due to the addition of Sn 

element, which is part of the reason for the development of Zircaloy series alloys 

because of the serious localised corrosion on pure zirconium Zr702.   

It is noted from Tables 4.5-1 and 4.5-2 that the low temperature treated Zr702-4010 and 

Zry4-4010 have demonstrated significantly increased corrosion potential (Ecorr) and 

effectively reduced corrosion current density (icorr) when compared with the 

corresponding untreated materials.  However, as evidenced in Figures 4.5-1 and 4.5-3, 

pitting corrosion still occur to Zr702-4010 and Zry4-4010.  This is mainly because as 

shown in Figure 4.2-24 the oxide film formed on the low temperature (400 C) and 

short time (10 hours) treated samples is very thin (about 0.2 µm).  Therefore, the 

corrosive solution could relative easily penetrate through the thin oxide film to the 
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oxide/substrate interface through such defects as pinholes or pores, which are inevitable 

for thin ceramic layer.  Therefore, although the very thin surface oxide layer can delay 

the corrosion to occur, rapid pitting will occur once the corrosive solution reached the 

substrate.  It is also found by comparing the corrosion properties shown in Tables 4.5-1 

and Table 4.5-2 that the corrosion behaviour of Zry4-4010 is better than that of Zr702-

4010 in terms of corrosion potential and corrosion current density.  This could be 

partially attributed to the slightly thicker oxide layer formed on Zry4-4010 than that on 

Zr702-4010 (see Figure 4.2-20) and partially to the better corrosion properties of the 

former than the latter. 

5.3.2 Uniform corrosion 

As mentioned electrochemical corrosion test, zirconium alloys generally exhibit a 

dramatic increase of the resistance towards pitting after CC treatment because of the 

ceramic layer formed during the surface treatment, which prevents the direct contact of 

zirconium matrix with the Cl- cations from the corrosion solution.   

A general uniform corrosion occurring on the treated sample surface, where there is a 

characteristic passivation current, which measures the protectiveness of the ceramic 

layer.  After the passivation plateau, water dissolution region which starts after a peak at 

potential about 1.7 VSCE on the polarisation curves of sample Zr702-5310, Zr702-5610, 

Zr702-6010, Zry4-5310, Zry4-5610.  The thickness range for those samples are between 

1 µm and 4 µm.  This is the dissolution of water molecules that has been absorbed onto 

the tested sample surface.  The corresponding reaction is shown in Equation 5.3-3.   

                                                  2H2O − 4e
− = O2 + 4H

+                Equation 5.3-3 
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For the same CC treatment conditions, the current density on Zircaloy-4 sample is 

generally lower than that on Zr702 sample, which indicates a smaller reaction rate on 

Zircaloys-4 alloy.  This is attributed to the thickness of the protective oxide layer 

formed at medium temperatures (500-600C) as it is clearly shown by comparing the 

cross-sectional layer thickness of CC treated Zr702 (Figure 4.2-20).   

5.3.3 Defects accelerated localised corrosion 

When the ceramic layer becomes even thicker, the corrosion mechanism changes to 

localised corrosion for high-temperature treated samples Zr702-8010, Zry4-7010 and 

Zry4-8010, as evidenced by the cracks surrounding the burst area shown in Figure 4.5-1 

(f) and Figure 4.5-2 (f).   The surface begins to break at localised defected areas such as 

blisters and cracks.  Corrosion solution flows and is trapped inside, and these locations 

then act as crevices[223].  In the occluded cell, the oxidation reaction which forms ZrO2 

keeps taking place until the cracks generated due to the corrosion induced compressive 

stress.   

Therefore, the protectiveness of the ceramic layer formed during the CC treatment 

depends on the layer thickness as well as defects, i.e. blisters and cracks.  The CC 

optimised treatment conditions are 530°C/10hours, 530°C/10hours and 560°C/10hours 

for Zr702; 5310°C/10hours and 560°/10hours for Zircaloy-4 alloy.   

In terms of the duplex treated samples (Figure 4.5-5), when compared with Zr702-UN 

sample, the corrosion resistance is increased as evidenced by the more positive self-

corrosion potential Ecorr.  However, the exchange current which stands for the corrosion 

reaction rate has significantly increased in comparison with the CC treated samples.  

This can be explained by the oxygen vacancies generated when zirconia formed by the 
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CC treated is decomposed in vacuum during the OBD process, as discussed in Section 

4.3.4.  Those oxygen vacancies will significantly increase the oxygen diffusion rate and 

therefore accelerate the corrosion reaction rate.   

The corrosion mechanism for duplex treated sample is similar to that of CC treated 

samples, where the corrosion starts from the structure weak locations, normally porous 

and cracking areas, then crevice corrosion and compressive stress induced corrosion 

cracking followed.  This is evidenced by the observed cracking and even exposed 

surface area on the corroded surface shown in Figure 4.5-6.   

On the other hand, the OBD treatment temperature has a significant effect on the 

corrosion property of duplex treated sample.  As described in Section 4.5.2, among 

CC7-6030, CC7-7030 and CC7-8030, the corrosion resistance decreases with the 

increasing of the OBD treatment temperature.  This is mainly because the treatment 

temperature can dramatically increase the decomposition rate, which in turn lead to the 

significant and even complete decomposition of the ceramic layer on CC7-7030 and 

CC7-8030 respectively.  With the loss of the ceramic layer on CC7-8030 which 

prevents the corrosion solution, especially Cl- ion, from permeating into the zirconium 

matrix, corrosion liquid (NaCl) can therefore easily penetrate and be trapped inside the 

confined space inside the crack within limited access to the outside, severe corrosion is 

thus observed on the high temperature duplex treated sample surface, as shown in 

Figure 4.5-6 (d).   
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5.4 Tribological property 

5.4.1 As-received Zr alloys 

As reported in Section 4.6.1, untreated Zr702 and Zircaloy-4 samples exhibit high 

coefficient of friction (CoF) values up to about 0.5, which is consistent with the 

reported friction coefficient for zirconium alloys[4].  To better understand the frictional 

behaviour of the untreated materials, the CoF curves of these two materials as a function 

of reciprocating cycles up to 200 are compared in Figure 5.4-1.  It can be seen that the 

CoF values for both alloys are reduced gradually with the test cycles and that the CoF of 

Zry4-UN is generally higher than that of Zr702-UN.   

 

Figure 5.4-1 Measured CoF values of as-received Zr702 and Zircaloy-4 alloy within to 200 

cycles 

The above observations could be understood by the post-test observation of the wear 

tracks formed and the wear mechanisms involved.  As shown in Figures 4.6-6 and 4.6-8, 

the wear tracks formed on untreated materials are characterised by parallel grooves and 

adhesive craters.  It is well-known that zirconium and its alloys are chemically active 
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and have a high ductility.  Both of them will lead to a strong adhesion tendency.  The 

adhesive strength of the junctions formed is generally higher than the strength of the as-

received Zr702 and Zircaloy-4 materials.  The rupture of these joints at the weaker 

zirconium asperities, thus forming the craters observed on the worn surface.  Meanwhile, 

the transferred zirconium becomes work-hardened or even oxidized after repeated 

reciprocating sliding, which therefore causes the severe abrasive wear damage as 

evidenced by the grooves observed on the wear track.   

According to tribology theory as discussed in Chapter 2 (Figure 2.2-6), in essence 

adhesive wear the formation of adhesion junctions due to cold-weld, rupture of the 

junction friction force and transfer of material.  It is known that the formation and 

strength of adhesion junctions is closely related to the plastic index of wearing surfaces, 

which is a measure of the tendency for plastic deformation and is proportion to the ratio 

of Young’s modulus (E) to hardness (H).  As reported in Figure 4.4-5, the E/H of the 

untreated materials is > 40 and hence strong adhesion and large CoF are expected.  It is 

also noted that the E/H is slightly for Zry4-UN (43.1) than for Zr702-UN (40.5), which 

explains the higher CoF observed for the former than the latter.   

As discussed above, zirconium and its alloys are chemically active. Therefore, oxidation 

of wear surface and wear debris could be promoted by the frictional heating and the 

high flash temperature[227, 228].  Therefore, the CoF of both untreated materials would 

reduce gradually with the reciprocating cycles.    

It follows from the above discussion that the wear of the untreated Zr702-UN and Zry4-

UN materials is dominated by severe adhesive wear and abrasive wear.  This is strongly 

supported by the extremely large wear rates shown in Figure 4.6-5.  As can be seen, the 
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wear rate of Zry4-UN is much larger than that of Zr702-UN.  This could be mainly 

attributed to the higher adhesion tendency of Zry4-UN than Zr702-UN.  Another 

important factor is the difference in hardness between these two materials, which is 3.0 

and 2.8 GPa for Zr702-UN and Zry4-UN respectively.  Based on the aforementioned 

adhesive wear mechanism, abrasive wear also occurs due to the hardened transferred 

material on the counterpart. According to Equation 2.2-2 and 2.2-3, wear is inversely 

proportion to surface hardness and a higher hardness would lead to lower wear loss. 

This may also have contributed to the larger wear rate of Zry4-UN as compared with 

Zr702-UN.   

5.4.2 CC treated zirconium alloys 

As has been reported in Section 4.6.1, the ceramic conversion (CC) treatment developed 

from this research can effectively reduce the coefficient of friction (CoF) and 

reciprocating wear of most tested samples when compared with the untreated zirconium 

alloys.   

As evidenced in Figures 4.6-1, the CoF of Zr702 can be reduced from between 0.4-0.5 

to less than 0.2 for samples Zr702-5010, Zr702-5610 and Zr702-6010; similarly, for 

Ziroaloy-4 (Figure 4.6-4), the CoF of Zircaloy-4 is reduced from between 0.35-0.40 for 

the untreated material to between 0.20 and 0.25 for samples Zry4-4010, Zry4-5010, 

Zry4-5310, Zry4-5610 and Zry4-6010.  In addition, the CC treatment can dramatically 

improve the wear resistance of most treated samples as shown in Figure 4.6-5.         

As discussed in Section 5.4.1, the severe wear and high CoF for untreated Zr alloys 

studied are related to their strong adhesion tendency and low hardness.  The reduced 
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CoF and wear of the CC treated materials could be contributed to the ceramic layer 

formed on the surface.    

Firstly, as has been shown in Figure 4.4-5, all the CC treatments conducted in the 

research can significantly reduce the E/H of untreated materials.  Except for the low-

temperature and short-time treated Zr702-4010 and Zry4-4010 samples, the E/H value 

of both alloys can be effectively reduced from above 40 to between 10 and 15 by CC 

treatment.  This can effectively reduce the adhesion tendency of these two alloys and 

hence their friction and wear can be significantly reduced.  This is supported by the 

post-test examination of the wear tracks formed on the CC treated surfaces. As 

evidenced in Figures 4.6-6 and 4.6-8, the wear track is much smoother than that formed 

on the untreated surfaces without any adhesion craters.  Secondly, after CC treatment 

the hardness of the surfaces has been effectively increased mainly due to the formation 

of the hard zirconia layer.  Therefore, the hardness difference between the sliding 

surfaces is significantly reduced.  Accordingly, the abrasive wear of the CC treated 

surfaces is reduced as well and only narrow and shallow abrasion grooves could be 

observed (see Figures 4.6-6 and 4.6-8).  In short, the wear mechanism of the Zr alloys 

investigated changes from severe adhesive wear and abrasive wear for the untreated 

materials to mild abrasive wear for the majority of the CC treated samples provided the 

surface oxide layer could survive under the test conditions.   

Although the SE image (Figure 4.6-6 (b)) have shown a relatively smooth surface, 

ripples-like features perpendicular to the reciprocating direction are observed on the 

BSE image (Figure 4.6-6 (c)) for Zr702-5310.  This means that micro-cracking has 

occurred but the bonding between the oxide and the substrate is strong as no spallation 
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is observed.  These ripples-like micro-cracks are formed mainly due to the difference in 

hardness and Young’s modulus between the ceramic layer and zirconium matrix, which 

agrees with the load bearing capacity where cracked indent was observed (see Section 

4.4.3).   

However, as shown in Figures 4.6-1 to 4.6-3, although the initial CoF of the 400°C /10h 

treated Zr702-4010 and Zry4-4010 is much lower than that of the untreated material, the 

CoF value has increased significantly after 43 cycles for Zr702-4010 and starts to 

increase after 87 cycles for Zry4-4010.   

This increasing friction coefficient observed at a later stage implies the breaking down 

of the thin ceramic layer by wear.  Hence, wear debris was produced at the beginning of 

the test from the hard ceramic layer on the surface.  Once involved in the wear 

contacting surface, they act as the hard third body for abrasive wear and severely 

damage the wear surface.  As a consequence, the wear process is accelerated, thus 

resulting the high wear rate and CoF for both materials.  The same explanation can be 

applied to the high wear of Zr702-5010.   

As shown in Figure 4.6-2, the observed friction behaviour for Zr702-7010 and Zry4-

7010 samples is quite different from each other.  Whilst the CoF for Zry4-7010 

maintains low and stable for the whole test period, the CoF of Zr702-7010 has increased 

from a very value of 0.15 with the test cycles up to about 0.58.  As described in the 

surface morphology and roughness section, the condition of 700°C/10hours is the 

critical point where the surface roughness increases significantly and beige blisters 

begins to be observed.   
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When tested against a WC/Co ball, Zr702-7010 surface is grinded to a smooth surface 

initially.  The worn-out debris then act as hard third body.  The modified ceramic layer, 

as shown in Figure 4.2-18 is dense without clear cracks or pores.  The hard third body 

debris has been kept trapped at the contacting surface, thus generating more worn 

particle which in return continuously increase the friction coefficient.  However, 

different from Zr702-7010, Zry4-7010 has a ceramic layer that is cracked as shown in 

Figure 4.2-19.  Therefore, the worn out zirconia particles can easily be smashed and 

embedded into the whole test surface which leads to the even CoF value during the 

whole process.   

However, the wear rate is much higher for Zry4-7010 than for Zr702-7010, which can 

be explained by close examination of the wear tracks formed.  As shown 4.6-8, severe 

spallation of the surface oxide layer has been observed for tested Zry4-7010 mainly due 

to the lateral cracks in the very thick layer (~43 µm, Figure 4.2-20).  When the WC/Co 

ball reciprocates against the ceramic layer, the cracked zone underneath the very top 

surface is spalled due to the large tangent force and the weak cohesive strength of the 

cracked oxide layer.  This is evidenced by the white particles on the wear track surface 

generated during the process.  Therefore, the high wear of Zry4-7010 is related to the 

spallation of the surface oxide layer.  No such spallation is observed for the tested 

Zr702-7010 with a dense and relatively thin oxide layer of 9 µm (Figure 4.2-20). 

However, similar spallation occurs on Zr702-8010 when the oxide thickness increased 

to about 21 µm.   
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5.4.3 Duplex treated samples 

In comparison with the single CC treated CC7 sample, the CoF (Figure 4.6-9) and wear 

rate (Figure 4.6-10) of duplex treated samples are significantly reduced as well, with the 

only exception of sample CC7-8030.   

As shown in Figure 4.6-9, whilst the friction coefficient of CC7 increases almost 

linearly with the test cycles, the CoF of the duplex treated CC7-6010, CC7-6030 and 

CC7-7030 maintains around 0.2 throughout the whole test. Similarly, the wear rate is 

also reduced after these duplex treatments.   

These improved tribological properties could be mainly attributed to the microstructure 

improvement by the oxygen boost diffusion treatment.  For example, the very surface of 

the single CC treated sample, i.e. CC7, becomes more even, the surface roughness has 

decreased and the surface hardness is increased after the OBD treatment.  Similar to CC 

treated surfaces, mild abrasive wear is the dominant wear mechanism of duplex treated 

sample as evidenced by the parallel grooves on the wear tracks (Figures 4.6-11 and 4.6-

12).   Therefore, the increased wear resistance can be attributed to the improved surface 

layer quality and the enhanced surface hardness (Figure 4.4-8).   

Another major difference from the CC treated sample is that the wear tracks observed 

on the duplex treated samples have shown no large ripples as observed on the tested 

single treated surface; instead, only micro-cracks are observed within the ploughing 

grooves. This is attributed to the increased oxygen diffusion zone underneath the 

ceramic layer, which can effectively increase the LBC of the treated surfaces (Figure 

4.4-13).  Similar microcracks have been observed by some previous research on wear 

the performance evaluation of Partially Stabilised Zirconia (PSZ) samples which are 
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related to the phase transformation between tetragonal to monoclinic zirconia[79].  This 

phase transformation accompanies a volumetric change that can leads to formation of 

microcracks.   

However, it is of interest to note that the CoF of duplex treated CC7-8030 is almost the 

same as the single CC treated CC7 (Figure 4.6-9) and the wear of the former is even 

worse than the latter (Figure 4.6-10). The diffusion zone can be dramatically increased 

on sample CC7-8030 to more than 250 µm, but no ceramic layer was left as shown in 

Figure 4.3-7 (h).  

As discussed above, the improved tribological performance for most CC treated 

samples is contributed by the ceramic layer formed on the surface.  Accordingly, 

without surface ceramic layer, the hardened oxygen diffusion zone with the cracked 

surface (see Figure 4.3-6) is easy to break down by the counterpart WC/CO balls and 

generated huge amount of wear debris.  This wear debris is much harder than that from 

the untreated sample surface.  Hence, the wear process is accelerated.  Meanwhile, the 

coarser grains size, observed across the diffusion zone under SEM Electron Channel 

Contrast Image (ECCI) on CC7-8030 as shown in Figure 5.4-2, can also promote the 

wear process[197] and make it easier to pull out large particles, which therefore 

increases the wear volume loss.  In order to confirm this assumption, the sample was put 

back into the oxidation furnace (530°C/10hours) to form ceramic layer on top, and 

hence three-step duplex treatment.  Wear test on this sample, noted as CC+OBD+CC, 

has shown significant improvement in the wear performance, as evidenced by the 2D 

wear track graph shown in Figure 5.4-3.   
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Figure 5.4-2 Electron Channel Contrast Images (ECCI image) of CC7-8030, showing large 

grains of the diffusion zone  

 

Figure 5.4-3 2D wear track profile comparison of samples Zr702-UN, TO+OBD (CC7-8030) 

and CC+OBD+CC 
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6 CONCLUSIONS 

A series of ceramic conversion treatments (CCT) were carried out on both Zr702 

(commercial grade) and Zircaloy-4 (nuclear grade) Zr alloys.  In addition, some initial 

trials of duplex surface treatments for Zr702 alloy were also conducted.  The following 

conclusions could be drawn based on the results and discussion in the previous two 

chapters.   

Microstructure: 

1. Ceramic conversion treatment based on thermal oxidation in air can successfully 

convert the surface of Zr702 and Zircaloy-4 into a ceramic layer consisting of 

zirconium oxides followed by an oxygen diffusion zone.   

2. With the increase of CC treatment temperature and/or time, the colour of treated 

surface changes from bluish colour to black for Zr702 samples, but some with beige 

blisters formed at the studied conditions.  Surface colour variation is more obvious 

for Zircaloy-4 alloy: from black through beige patche dispersion to fully beige 

colour.    

3. Surface roughness increases with the increase of CCT temperature and/or time.  The 

critical CCT condition for rapid increase in surface roughness is 700°C/10hours and 

500°C/50hours for Zr702 and Zircaloy-4 respectively, which corresponds to the 

formation of beige blisters/patches on the treated surface.   

4. Phase characterisation shows that the ceramic layer consists of mainly m-ZrO2 with 

traces of t-ZrO2.  A substoichiometric phase ZrO0.27 is formed at the metal/oxide 

interface, which has a preferred orientation to the substrate [21̅1̅0]ZrO0.27 //[0001]Zr , 

(0002)//(⁡1̅010).   
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5. Microstructural characterisation reveals that the surface ceramic layer formed by CC 

treatment is made up of columnar grains perpendicular to the metal/oxide interface 

with a prolate long grain microstructure at the interface.  The interface layer formed 

under the same CCT conditions is smaller on treated Zircaloy-4 than on Zr702.   

6. The defects (such as cracks and pores) formed in surface oxide layer increase with 

increasing the CCT temperature and/or time.  Long lateral cracks parallel to the 

metal/oxide interface are formed in surface layers treated at high temperature .  

There are more pores/cracks formed on Zircaloy-4 than Zr702 when samples are 

treated under the same CC treatment condition.   

7. More t-ZrO2 phase is formed on CC treated Zircaloy-4 samples than on Zr702 as 

evidenced by the stronger XRD and SAD diffraction patterns from the tetragonal 

phase.  The allotropic transformation from t-ZrO2 to m-ZrO2 causes the formation of 

the cracks existing throughout the ceramic layer.    

Oxidation kinetics: 

8. The thickness of the ceramic layer formed on both Zr702 and Zircaloy-4 alloys 

during CC treatment increases with the CCT temperature and/or time.  This is 

caused by the higher oxygen inward diffusion rate on Zircaloy-4 alloy than that on 

Zr702, as the diffusion activation energy for Zr702 and Zircaloy-4 is 147 kJ/mol and 

132 kJ/mol respectively.   

9. The alloying element Sn in Zircaloy-4 promotes the CC treatment as evidenced by 

the thicker oxide layer formed on Zircaloy-4 than on Zr702 when treated under the 

same CC treatment conditions.   
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Mechanical properties:  

10. All CC treatments conducted in this research can significantly increase the surface 

hardness of both Zircaloy-4 and Zr702 alloys mainly due to the formation of 

zirconia layers.  The highest hardness is achieved by the CC treatments carried out 

at 500 °C for 10 hours for both alloys, which is 14.5 GPa and 15.5 GPa for Zr702 

and Zircaloy-4 respectively.    

11. The hardness depth profiles of CC treated both alloys consist of a high hardness 

plateau (corresponding to the formed ceramic layer), followed by a hardness 

decreasing zone (HDZ) which is solid solution hardened by oxygen inward diffusion.    

Corrosion properties: 

12. Pitting is the main corrosion failure mechanism for the as-received Zr702 and 

Zircaloy-4 materials.  The pitting potential of the as-received Zircaloy-4 and Zr702 

is 0.43 and 1.75 VSCE respectively.  The better pitting corrosion resistance of 

Zircaloy-4 in comparison with Zr702 is related to the Sn containing in the nuclear 

grade Zircaloy-4 alloy.   

13. After the CC treatment, improved corrosion properties are generally observed with 

the exception of high temperature treated Zr702-8010 and Zry4-7010, Zry40-8010 

due to their poor ceramic layer quality.   

14. The low-temperature and short-time treated Zr702-4010 and Zry4-4010 have shown 

marginally increased corrosion properties when compared with the untreated 

materials due to the very thin oxide layer formed on the surface.  Medium-

temperature treated samples exhibit the best corrosion resistance among all the CC 
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treated samples:  Zr702-5350, Zr702-5310 and Zr702-5610 for Zr702; Zry4-5310 

and Zry4-5610 for Zircaloy-4.   

Tribological properties: 

15. As-received Zr702 and Zircaloy-4 alloys exhibit high coefficient of friction (CoF) 

values between 0.4 and 0.5 mainly due to their low hardness, high E/H ratio and 

high adhesion tendency.  In general, the CoF for both the as-received materials 

decreases with reciprocating cycles due to in situ oxidation promoted by frictional 

heat.    

16. The CoF of Zr702 can be reduced from between 0.4~0.5 to less than 0.2 by the CC 

treatment for 10 hours at 500, 560 and 600°C; for Ziroaloy-4, the CoF is reduced 

from between 0.35~0.40 for the untreated material to between 0.20 and 0.25 by the 

CC treatment for 10 hours at 400, 500, 530, 560 and 600°C.  The reduced CoF of 

the CC treated materials should be contributed to the ceramic layer formed on the 

surface with high hardness and low E/H ratio.   

17. Zr702-UN (untreated Zr702) exhibits better wear resistance than Zry4-UN 

(untreated Zry4-UN) at as-received conditions, with their wear rate being 5.5 × 106 

µm3/N and 8.8 × 106 µm2/N respectively, due to the better oxidation properties of 

Zircaloy-4 alloy than that of Zr702 which leads to the better oxidation hardened 

wear debris.   

18. The high wear rate of the as-received Zr702 and Zircaloy-4 alloys can be reduced 

significantly by the most CC treatments.  The wear rate for the optimally CC treated 

Zr702 (530 °C/10 hours) and Zircaloy-4 (500 °C/10 hours) is 1.5 × 103 µm3/N and 
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9.9 × 103 µm3/N respectively.  This represents an improvement in wear resistance of 

3.7 × 103  and 8.9 × 102  times over the untreated Zr702 and Zircaloy-4 respectively.   

19. Wear mechanism studies have shown a change from severe adhesive wear together 

with abrasive wear for the as-received materials to mild abrasive wear for the CC 

treated samples due to the introduction of a ceramic surface layer with high hardness 

and low E/H ratio (hence low adhesion tendency).   

20. When samples are treated for 10 hours, limited improvement in the tribological 

properties of these two Zr alloys can be achieved by low-temperature (400°C for 

both alloys and 400°C for Zr702) and high-temperature (700 and 800 °C Zircaloy-4 

and 800 °C for Zr702) treatments.  This is because a thin oxide layer with low load 

bearing capacity formed at low-temperatures can be easily worn through whilst 

partial spallation is the failure mechanism for the thick oxide layer formed at high 

temperatures due to the lateral cracks inside the thick oxide layer.   

21. The optimised CC treated Zircaloy-4 (530°C/10hours) can effectively reduce the 

fretting wear of Zircaloy-4 in both DI water and 3.5 wt% NaCl solution from 138 

×103 and 140 µm3 to 7.2 ×103 and 7.5 µm3 respectively due to the elimination of 

wear/galling craters.  This represents a reduction of fretting wear for 19.2 and 18.7 

times in DI water and 3.5 wt% NaCl solution respectively.   

Duplex surface treated samples: 

22.  Oxygen diffusion boost (OBD) can reduce the porosity and cracks in the oxide 

layer already formed during the first CC step and thicken the oxygen diffusion zone 

beneath the surface oxide layer.     
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23. While the ceramic layer (m-ZrO2 and t-ZrO2) maintains the columnar microstructure, 

the grain shape along the metal/oxide interface is changed from the prolate, long 

grains to equiaxed gains and the ZrO0.27 phase is changed to a high pressure Zr HCP 

phase (ω-Zr) after the OBD treatment.   

24. The corrosion resistance of the duplex treated surfaces is superior to the untreated 

sample but slightly inferior to the as-CC treated samples due to the oxygen 

vacancies generated by the OBD treatment.   

25. Except for high-temperature OBD treated CC7-8030, the wear properties of the 

duplex treated samples (both two-step and three-step treatment) outperform the 

corresponding CC treated samples due to the improved load bearing capacity 

contributed from the thickened oxygen diffusion zone.  The decreased wear 

resistance of the CC7-8030 sample is mainly caused by the elimination of the 

protective ceramic layer.   
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7 FUTURE WORK 

This work has successfully shown that the optimal ceramic conversion treatment can 

effectively increase the dry sliding wear resistance, fretting wear behaviour and 

corrosion performance of zirconium alloys.  Future lines of investigation into this topic 

could include:   

1. Due to the shortage of nuclear grade Zircaloy-4 alloy, trial work on duplex surface 

treatment was carried out only on chemical grade Zr702 alloys.  Hence a systematic 

study of both two-step and three-step duplex surface treatments is suggested to be 

carried out for both nuclear grade and chemical grade alloys.   

2. Laboratory fretting testing has shown the good anti-fretting wear performance of CC 

treated Zircaloy-4 sample (Zry4-5310) based on the wear volume loss in both DI 

water and 3.5 wt% NaCl solution.  Systematic work could be conducted to study the 

full slip, partial slip, stress distribution, dissipated energy etc.  

3. Dry reciprocating wear and corrosion properties were evaluated separately in this 

work. However, in many real application cases, some of zirconium components are 

encountered in both wear and corrosion simultaneously.  Therefore, tribo-corrosion 

tests are suggested.   
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