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Abstract 

In this research, an effort has been made to systematically establish the research 

studies managed on assortment of nuclear fuel cladding materials since the 

initial reactors, revealing some of the main failure modes and briefly reflecting 

the challenges facing the progress of fuel cladding materials and clad tube 

failure for future generation of reactors. An introduction to various clad 

materials has been added, in which the result of alloying elements on the 

material properties have been presented. Each subsection of the review has 

been provided with some tables and figures. The small part on determining a 

good fuel clad has also been encompassed. The last section of the review has 

been devoted to accidents occur related to fuel clad. About 101 published 

studies (1965-2017) are examined in this review. It is noticeable from the 

review of articles that increase in corrosion and creep rate during Loss of 

Coolant Accident (LOCA) are significant. During corrosion, oxide layers 

formed on the clad surface are brittle which would endanger the structural 

integrity. Creep deformation cause cladding tube ballooning. 

Keywords: Criteria, Failure, Fuel cladding, Nuclear reactor, Zirconium alloy. 
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1.  Introduction 

As a result of the great earthquake of east Japan, along with the catastrophic tsunami, 

the Fukushima Daiichi BWR plants were severely damaged. The nuclear regulatory 

body in Japan Nuclear and Industrial Safety Agency (NISA), acknowledged the 

Fukushima nuclear accident was at the Level five on INES (International Nuclear and 

Radiological Event Scale)-the same level of the nuclear accident at Three Mile Island 

in 1979. NISA re-evaluated the level of accident to the maximum level of seven on 

INES on April 12, putting it on a par with the Chernobyl accident in 1986 [1-3]. This 

fission product restraint capability of the cladding was lost in both accidents because 

zircaloy reacted with water releasing large quantities of flammable hydrogen gas, 

zircaloy reacted exothermically with water during the accident releasing a large 

amount of heat and zircaloy lost all of its strength upon heating above 500℃ and 

ballooned, blocking flow to the core interior [4, 5]. These events generated serious 

discussion in the United States to develop fuel and cladding improvements that would 

be more accident tolerant and give operators more time to employ mitigation 

measures during accidents to minimize core degradation, fuel failure and fission 

product release. The nuclear power plant was built with different material and design 

to operate in safe condition [6]. 

Nuclear reactors initially served as in three general purposes, which are civilian 

reactor, military reactor and research reactor. Civilian reactor is used to generate 

energy for electricity, military reactor is used to create Plutonium-239 for nuclear 

weapons and research reactor is used for training purposes, production of isotopes 

for medicine and nuclear physics experimentation, moreover, there are 5 types of 

generations which are Generation I, II, III, III+ and IV [7, 8]. Comparison between 

types of nuclear reactor in Generation II is shown in Table 1. 

Table 1. Comparison between types of nuclear reactor in Generation II. 

Types of 

reactor 

Pressuri

zed 

Water 

Reactor 

(PWR) 

Boiling 

Water 

Reactor 

(BWR) 

Canada 

Deuterium 

Uranium 

Reactor 

(CANDU) 

Advanced Gas-

cooled Reactor 

(AGR) 

Vodo-

Vodyanoi 

Energetichesk

y Reactors 

(VVER) 

Purpose Electrici

ty [9] 

Electricity, 

nuclear 

powered 

ships (U.S 

[9]) 

Electricity 

[10] 

Electricity, 

plutonium 

production [9] 

Electricity 

[11] 

Coolant 

Type 

Light 

water 

(H2O) 

[9] 

Light 

water 

(H2O) [9] 

Heavy 

water 

(D2O) [10] 

Gas (carbon 

dioxide or 

helium) [9] 

Light water 

(H2O) [11] 

Moderat

or Type 

Light 

water 

(H2O) 

[9] 

Light 

water 

(H2O) [9] 

Heavy 

water 

(D2O) [10] 

Graphite [9] Light water 

(H2O) [11] 

Fuel-

Chemica

l 

Uraniu

m 

dioxide 

Uranium 

dioxide 

(UO2) [9] 

Uranium 

dioxide 

(UO2) [10] 

Uranium 

dicarbide (UC2) 

or uranium 

metal [9] 

Uranium 

dioxide (UO2) 

[11] 
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Composi

tion 

(UO2) 

[9] 

Fuel-

Enrichm

ent 

Level 

Low-

enriched 

[9] 

Low-

enriched 

[9] 

Slightly 

enriched 

uranium, 

[10] 

Slightly-

enriched, 

natural uranium 

[9] 

2.3%, 3.3% 

and 4.4% 

enrichment 

fuel [11] 

Fuel 

Claddin

g 

material 

Zircaloy-4 

and 

Zircaloy-2 

[10] 

Zircaloy-

2 [9] 

Zircaloy-2 

and 

zircaloy-4 

[10] 

Stainless steel 

[12] 

E110 

(Zr1wt.%Nb) 

[11] 

The design limitation encompasses the neutron absorption, the creep resistance, 

the neutron radiation endurance and the maximum service temperature[13-17]. 

Many multi-component systems, which incorporate metallic and ceramic 

systems, might be contemplated as potential novel materials for nuclear fuel 

cladding in terms of neutron economy [15, 16]. 

Correlation between neutron absorption cross-section for unpolluted elements 

versus temperature resistance is shown in Fig. 1 [18]. The radiation resistant should 

also be considered in choosing fuel cladding material. As a consequence, it will 

alter the properties of the material, providing the temperature is lower than 40% of 

the temperature [19].Conclusively, the cladding material needed to be corrosion 

resistant to the environment [20, 21]. 

 

Fig. 1. Neutron absorption cross-section for  

unpolluted elements versus temperature resistance [18]. 

Several accidents related to the failure of the cladding are reported by Tanveer 

Alam et al. [22]. The most common accidence related to the failure of the cladding 

material is Grid to rod fretting, Debris fretting, Corrosion, Pellet-clad interaction, 

Manufacturing defects, and Cladding collapse. Grid to rod fretting is one of the 

major failures for PWR [21].  
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2.  Fuel Cladding Material Selection 

Design limitations of cladding comprises the neutron absorption cross section, the 

maximum service temperature, the creep resistance, the mechanical strength, the 

toughness, the neutron radiation resistance and the thermal expansion [13-18]. 

Material with worthy neutron economy is a probable cladding material. Due to this 

purpose, numerous multi-component systems merging Be, C, Mg, Zr, Si, and O 

might be studied as potential new materials for nuclear fuel cladding. In fact, Al, 

Mg, and Zr alloys have formerly been used as fuel cladding materials [15, 16]. 

A good fuel cladding material has to satisfy a few selection criteria, which 

includes resistance to radiation, ability to withstand high service temperature and 

has a good fuel economy.  During the fission reaction, radiation is produced while 

the temperature remains below 40% of the material’s temperature, which further 

causes dislocation of loops resulting in the change of mechanical properties [19]. 

Lastly, the material has to be economic in terms of longevity and efficiency, this 

means that the material has to be resistant to corrosion and oxidation from other 

materials (coolant, moderator & fission products) in the reactor, the material also 

has to maintain a consistent thermal conductivity under high temperature as well as 

low thermal expansion to minimize damages to the cladding interface [13, 19, 20]. 

Beryllium (Be) was selected as an applicant for nuclear fuel cladding material 

owing to its exclusive characteristics (see Fig. 2 and Table 2). Besides that, be also 

exhibit an extreme corrosion behaviour when the service temperature exceeds 

500℃, rendering the material unusable in high thermal condition. Most researches 

nowadays concentrating on this material (Be) is mainly in the region of fusion 

reactors, the safety of the material and its radiation resistance still poses great 

challenge for its successful application [23-27]. 

Representation of plutonium reactor in Hanford using Al fuel cladding is shown 

in Fig. 3. Even though Aluminium has a good corrosion resistance with low neutron 

absorption cross section, it has a maximum temperature at 200℃ and this is 

considered insufficient for use in initial nuclear reactors. Therefore, Al was 

substituted by austenitic stainless steel by the United States [26, 28-31]. 

 

Fig. 2. GII and GIV design constraints [34]. 
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Table 2. Calculated effective neutron absorption cross  

section for pure elements in comparison to Zr [13, 16-18]. 

Elements 

Neutron 

absorption cross 

section (Barns) 

Yield 

strength 

(MPa) 

Relative effective neutron 

absorption cross section in 

relation to Zr 

Be 0.009 200-350 0.04 

C 0.004 24-28 0.2 

Mg 0.063 65-100 1 

Si 0.160 165-180 1 

Zr 0.185 135-310 1 

Al 0.231 30-40 8 

Mo 2.480 170-350 10 

Cr 3.050 185-280 15 

Nb 1.150 75-95 15 

Fe 2.550 110-165 20 

Ni 4.430 80-280 30 

V 5.040 125-180 40 

Sn 0.630 7-15 70 

 

Fig. 3. Representation of plutonium  

reactor in Hanford using Al fuel cladding. 

In the 1960s, France, the UNGG design was replaced by the pressurized water 

reactor (PWR) while the Magnox reactor was further refined to advanced gas-

cooled reactor (AGR) [18, 26]. 

AGR reactor allowed greater thermal efficiency than GCR reactor because the 

usage of austenitic stainless steel [18]. At low irradiation temperatures, fast 

neutrons instigates loss of ductility, while at higher temperatures 

Helium(He)formed by thermal neutron (η, α) reactions stimulates low ductility due 

to gas-induced intergranular cracking [32, 33]. 



A Review of Failure Modes of Nuclear Fuel Cladding       1525 

 
 
Journal of Engineering Science and Technology               June 2019, Vol. 14(3) 

 

3.  Current Trend Of Cladding Material 

Several materials, such as ferritic-martensitic stainless steel (F/M steel), oxide 

dispersion increased (ODS) alloy, nickel-based super alloys, refractory metals and 

ceramic materials have already been suggested as applicant fuel cladding materials 

for GIV reactors, (see Table 3.) [34-45]. 

Table 3. Main features of GIV nuclear fission reactor system [35-43]. 

Reactor 

type 
Fuel Coolant Moderator 

Neutron 

spectrum 

Core outlet 

temperature 

(⁰C) 

Dose 

(dpa) 

Candidate 

cladding 

material 

Super 

critical 

water-

cooled 

reactor 

(SCWR) 

UO2 

(thermal) 

MOX 

(fast) 

Water  Thermal 

or 

Fast 

550 10-

40 

Zr alloys 

Austenitic 

stainless 

Steel 

F/M steel 

Ni-based 

superalloys 

ODS alloys 

Sodium-

cooled  

fast reactor  

(SFR) 

UPuC/SiC 

U-Pu-Zr 

MOX 

Liquid 

Na 

- Fast 550 90-

160 

F/M steels 

ODS alloys 

Lead-cooled 

reactor 

(LFR) 

Nitrides, 

MOX 

Liquid 

Pb 

alloys 

- Fast 550-800 50-

130 

Austenitic 

stainless 

Steel 

F/M steels 

ODS alloys 

SiC 

Refractory 

alloys 

Gas-cooled 

 fast reactor  

(GFR) 

(U, Pu)O2 

Carbide 

fuel (U, 

Pu) 

He - Fast 850 50-

90 

ODS alloys 

Refractory 

alloys 

SiC 

Molten salt  

reactor 

(MSR) 

Salt Molten 

salt 

Graphite Thermal 700-800 100-

180 

No  cladding 

Very high 

temperature  

reactor  

(VHTR) 

TRISO 

UOC 

He Graphite 

(thermal) 

Thermal 

or fast 

1000 7-30 ZrC coating 

SiC coating 

The major hindrance for the selection of cladding materials and the viability of 

some of the GIV reactors are high temperature, high fast neutron radiation dose, 

violent environment and longer in-service life (see Table 3.) [35-43].  

These flaws might generate changes in the mechanical, corrosion and physical 

properties of the cladding material [19, 34, 35, 46-48]. 
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3.1. Zirconium Alloys 

The shielding functioning of the oxide layer has been associated with the texture of 

the oxide microstructure and the existence of interfacial tetragonal Zr3O along with 

monoclinic Zr2O, but the use of Zr alloys as cladding material still limits the 

temperature to less than 400 ⁰C [17, 37, 49, 50]. Hence, struggles are certainly 

desirable to increase the high temperature corrosion resistance of Zr alloys, though 

the understanding of the corrosion mechanism and the role of alloying elements 

and microstructure are still indeterminate[51-57].  

3.2. Stainless Steels 

Radiation damage, like huge amount of void swelling, radiation-induced 

segregation and microstructural unpredictability, remains a key performance-

limiting feature in austenitic stainless steel [32, 33, 37]. These encompass doping 

with trace elements, cold deformation and precipitation of dispersed phases, in 

order to evade void swelling [58-60]. Ferritic and martensitic (F/M) stainless steels 

that displaying 9-12% of Cr, are probableapplicants for the cladding material in a 

few GIV reactors [61-66].  

3.3. Ceramic Materials - SiC 

The main complications of GFR reactor’s cladding are high fast-neutron 

impairment resistant and high temperature contact. Instead, there is an 

apprehension about the chemical compatibility of the cladding material with the Pb 

or Pb-Bi coolant and the mixed nitride fuel in LFR reactors.  

SiC and SiC/SiC are being taken as the key candidate materials for GFR, LFR 

and VHTR reactor’s fuel cladding. SiC composites have presented worthy 

irradiation performance and ability of mechanical properties at radiation damage 

levels beyond 50 dpa at temperatures around 1000⁰C [67, 68, 71].  

3.4. Ni Based alloy 

Ni alloys as a cladding material, with enhanced microstructural properties and 

radiation-resistant BCC matrix, are more favorable to avoid the radiation harmful 

effects [37, 38, 42, 66, 72, 73]. 

3.5. Refractory alloy 

Applicant materials for fuel cladding of LFR and GFR reactors are refractory metal, 

with temperatures (see Table 3. and Fig. 4) [35, 37]. Furthermost of them are not 

candidate materials for fuel cladding due to their excessive values of neutron 

absorption cross section (see Fig. 5 and Table 4.). 

3.6. ODS alloys 

A significant method for designing the microstructure of this alloys is formed on 

the outline of a high, irradiation-stable nanoscale particles and uniform                  

density of thermal, using particles of Titania (TiO2) and Yttria (Y2O3)dispersed 

in a tempered or ferritic martensitic matrix, with chemical composition standard 

of F/M stainless steels or Fe-Cr Incoloy [35, 74]. These Nano-particles                            

are thought to act promptly as sinks for the radiation-induced point defects, 
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bringing good radiation damage resistance and obstacles to dislocation motion 

[35, 37, 38,74-77].  

 

Fig. 4. Projected functioning temperature window for structural materials [35]. 

Table 4. Operative neutron absorption cross section and  

extreme service temperature for designated materials [18, 35]. 

Material 
Maximum service 

Temperature⁎(°C) 

Operative 

neutron 

absorption 

cross section in 

relation to Zr 

alloys 

ODS alloys 700 15 

Nb-1Zr alloy 800 20 

ZrC 900 0.20 

SiC 900 0.10 

Tantalum 

alloys 1000 50 

Molybdenum 

alloys 1100 10 

Tungsten 

alloys 1200 35 

Based on neutron irradiation 

http://www.sciencedirect.com/science/article/pii/S1350630711001531#tblfn2
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Fig. 5. Neutron absorption cross section versus  

melting temperature for pure elements [18]. 

4. Cladding Failure In PWR 

Fuel failure happens when this barrier is damaged and broken. It adds to cumulative 

plant background radiation, which impacts planned outages and increases workers’ 

exposure. It can also pay to the issue of radioactive fission products to the 

environment [21]. 

4.1. Loss of coolant 

Loss of coolant (LOCA) happens when supplies tubes external to the reactor are 

damaged, that instigated the preventing the coolant attainment the first wall or 

plasma facing the components [78]. This may lead to the creation of steam in the 

core. Large amount of hydrogen gas was released when zirconium and high 

temperature steam interacted [79, 80]. The uncontrolled condition may lead to the 

zirconium-based alloy to loss its integrity [14, 81]. A hot spot of thermal limits was 

encounter when a large break was encounter. The thermal limits were encounter 

before the accumulator was activated [82]. Initial conditions for hot and 

intermediate shutdown LOCA are mentioned in Table 5. 

Ballooning performance is a vital factor affecting the reliability of the cladding. 

Ballooning and rupture process of nuclear fuel cladding typically happens during 

actual LOCA events in pressurized water reactors (PWR) [83]. This may outcome 

in a coolant channel obstruction in the fuel assembly and stern loss of cool able 

geometry [84].Temperature and interior pressure profiles for the Zr cladding 

specimens with and without a Cr coating layer during integral LOCA tests are 
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mentioned in Fig. 6. And photos of the ballooned areas and burst openings of Zr 

cladding specimens with and without Cr coating after essential LOCA and 

mechanical testing. Mentioned in Fig. 7. Optical microscopy imageries of cross 

sections at the burst mid-planes of a Cr-coated and uncoated Zr cladding tube, 

respectively. Optical microscopy imageries of the cross-sections 180 from the burst 

opening of a Cr-coated and uncoated Zr cladding tube, respectively. 

4.2. Corrosion 

The fuel rods can be corrosive when submerged in the primary water [86]. The corrosion 

reaction of zirconium metal in water will generate an oxide layer and the generation of 

hydrogen shown in Eq. (1) [87, 88]. The process is called oxidation process.  

Zr + 2H2O  ZrO2 + 2H2                                                                                        (1) 

Relocation of the oxide by hopping mechanism when new oxide releases electrons 

to decrease the hydrogen ions at the cathodic site [89]. Several hydrogen will not be 

recombining with electrons at the oxide or water interface but are instead absorbed by 

the oxide layer and thus, metal is formed. This occurrence is called hydrogen pickup 

[90]. The corrosion process in Zirconium alloys is mentioned in Fig. 8. 

Table 5. Initial conditions for hot and intermediate shutdown LOCA [80]. 

Parameter Hot Intermediate 

Primary System(hot leg) 

Pressure /temperature 

(bar/K) 

70.5/5203 70.5/450.1 

Sub cooling margin, Tsub 

(K) 

39.2 100.7 

Primary System (cold leg) 

temperature (K) 

520.0 449.7 

Secondary System 

pressure/temperature   

(bar/K) 

37.0/518.9 9.1/449.2 

Primary loop flow 

(combined) (kg/K) 

6616 6925 

Decay heat level (MW) 10.36 (0.917%) 9.77(0.865%) 

 

Fig. 6.Temperature and interior pressure profiles for  

the Zr cladding specimens (a) with and (b) without a  

Cr coating layer during integral LOCA tests [86]. 
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Fig. 7. Photos of the ballooned areas and burst openings of Zr cladding 

specimens (a) with and (b) without Cr coating after essential LOCA and 

mechanical testing. (c, e) Optical microscopy imageries of cross sections at the 

burst mid-planes of a Cr-coated and uncoated Zr cladding tube, respectively. 

(d, f) Optical microscopy imageries of the cross-sections 180 from the burst 

opening of a Cr-coated and uncoated Zr cladding tube, respectively[85]. 

 

Fig. 8. The corrosion process in Zirconium alloys [88]. 
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4.3. Creep 

Creep is a time dependent deformation due to applied load [91]. It can be produced 

in two ways, which are by thermal or irradiation. The thermal creep consists of 3 

stages as shown in Fig. 9. At the primary stage, the thermal creep is in initial rapid 

and slows with time. Then, the thermal creep will eventually shows a uniform rate in 

secondary stage and finally, the thermal creep will be in accelerated rate, which leads 

to rupture. The cladding of Zircaloy will show different behavior at range of 

temperature of 550-650oC at different stresses. Kuttyet al. [92] proposed the typical 

impression of creep curves for the alloy at different temperatures for a particular stress 

of 22.2MPa as shown in Fig. 10. The creep starts to show when the temperature at 

575oC where the creep curves is not smooth. This is due to various stages of creep 

curve at all the stresses correspond to that temperature, as referred in Fig. 10 [93]. 

 

Fig. 9. Creep stages. 

 

Fig. 10. The impression of creep curves for the alloy at different 

temperatures for a stress of 22.2 MPa are referred in Fig. 10 [93]. 

Irradiation creep do occur due to radiation released by fission process of the 

fuel. Figure 11 shows a creep when irradiated stack of annular UO2 pellets and 

molybdenum rings. This is because point defects generated is at the heart of the 

irradiation creep process. In irradiation creep, it can be categorized into two types, 



1532       M. A. Khattak et al. 

 
 
Journal of Engineering Science and Technology               June 2019, Vol. 14(3) 

 

which are radiation-induced creep and radiation-enhanced creep. Radiation-

induced creep occurs at lower temperatures at which thermal creep is not thermally 

activated. At this point, the creep is independent with temperature. When at lower 

temperature regions, production of vacancy concentration by atomic displacements 

because of irradiation will be large enough to induce creep deformation under the 

application of stress. Radiation-enhanced creep on the other hand is the process of 

creep which enhanced by irradiation. At homogeneous temperatures, the radiation-

enhanced creep as well as thermal creep is operated. The vacancies increase when 

higher temperature applied. This can be translated into the increase of diffusivity. 

The addition of more vacancies can produce through fast neutron irradiation can 

enhancing the overall creep rate. 

 

Fig. 11. Creep when irradiated stack of  

annular UO2 pellets and molybdenum rings [93]. 

4.4. Pellet cladding mechanical interaction (PCMI) 

Pellet cladding mechanical interaction catastrophes will be initiated during fuel 

power changes are combined at locations where there are flaws in the fuel pellet 

exteriors [94]. They incline to propagate towards the centre of the pellet. It can be 

shown through analysis of the stresses that the resultant pellet wedges will relocate 

radially outward [95]. Stress concentrations between the edges of these wedges are 

complimentary points for cladding crack initiation [96]. 

4.5. Denature from nucleate boiling 

During the film boiling process, the heat transfer coefficient decreases 

expressively, resulting in prompt increases in clad and fuel temperatures [97]. This 

condition is devoted to as the departure of nucleate boiling ratio and is defined as: 

𝐷𝑁𝐵𝑅 =  
𝑞𝑐𝑟𝑖𝑡

′

𝑞′                                                                                                          (2) 

Higher the unity ratio, higher the reactor safety margin during operation. For a 

particular fluid and experimental configuration, it is pre-determined what heat flux 

would result in the departure of nucleate boiling. Fuel temperature and pool 

temperature as a function of time of operation at 1 MW during one day in July of 
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2011 is shown in Fig. 12 and Comparison of fuel temperature computed with 

Dittus-Boelter and natural convection correlations as a function of pool temperature 

is shown in Fig. 13. 

The operation of film boiling will result in high cladding temperature within the 

film boiling zone [99]. The chemical reactions, which occur between the two 

materials, become significant at temperature above 1100K. Fuel temperature within 

the film boiling zone rise rapidly due to DNB. 

 

Fig. 12. Fuel temperature and pool temperature as a function  

of time of operation at 1 MW during one day in July of 2011 [99]. 

 

Fig. 13. Comparison of fuel temperature computed with Dittus-Boelter and 

natural convection correlations as a function of pool temperature [98]. 

The fuel temperature being above the equicohesive temperature of about 1900 

K, at which grain boundary strength is less than the grain strength in UO2 [100]. 

Fuel rod swelling has been observed in the film boiling zones of both previously 

unirradiated and, as shown in Figure 14, previously irradiated fuel rods. Only about 

half of the swelling is due to pellet thermal expansion and pellet volume expansion 

due to fuel melting. The remaining expansion is attributed primarily to fission gas 
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effects [101]. Post-test diametric measurements showing diameter increase in the 

film boiling zone of an earlier irradiated fuel rod are referred in Fig. 15. 

 

Fig. 14. Grain boundary separation has been  

observed in fuel from the film boiling [100]. 

 

Fig. 15. Post-testdiametric measurements showing diameter increase in the 

film boiling zone of an earlier irradiated fuel rod, Rod IE-010, Test IE-1 [100]. 

5.  Conclusion 

The integrity of cladding tube is very important as it contribute to release of 

radioactive fission product to the environment. Hence, it is also crucial to investigate 

the cladding failures so that effective measures can be taken to minimize the impact. 



A Review of Failure Modes of Nuclear Fuel Cladding       1535 

 
 
Journal of Engineering Science and Technology               June 2019, Vol. 14(3) 

 

Several cladding failures in the current commercial nuclear power plant have been 

discussed. Increase in corrosion and creep rate during LOCA are significant. During 

corrosion, oxide layers formed on the clad surface are brittle which would endanger 

the structural integrity. Creep deformation cause cladding tube ballooning. The pellet 

radial cracking will occur due to PCMI. Lastly, DNB which resulting in rapid 

increases in cladding temperatures will reduce the reactor safety margin. 
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