
Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India                        Div-I: Paper ID# 70 

HIGH TEMPERATURE CREEP DEFORMATION AND FAILURE OF 
ZIRCALOY CLADDING IN IRRADIATED PHWR FUEL PINS 
SUBJECTED TO ISOTHERMAL HEATING AT 700-900OC 
 
 D. N. Sah 1, Prerna Mishra2, Sunil Kumar2, S.Anantharaman2 

1 Raja Ramanna Fellow, Post Irradiation Examination Division, Bhabha Atomic Research Centre 
2Post Irradiation Examination Division, Bhabha Atomic Research Centre, 
 Trombay, Mumbai, 400085, India 
Email:dnsah@barc.gov.in 

 
 
ABSTRACT 
 

High temperature deformation behaviour of irradiated Zircaloy-2 cladding has been studied by carrying out 
isothermal heating of irradiated PHWR fuel pins, having burnup up to 15000MWd/tU at 700°C -900°C inside the 
hot-cells. Post-test examination included visual examination, leak testing, dimension measurement on the tested fuel 
pins and optical and SEM examination of cladding sections taken from the ballooned and failed fuel pins. The 
specific aspects investigated in these experiments included cladding tube deformation and ballooning-failure as a 
function of cladding temperature, internal gas pressure and burn up of the fuel pin and microstructural aspects of 
high temperature creep deformation and mode of cladding failure.  
 
INTRODUCTION 

 
Zircaloy is used as cladding tube material for fuel pins used in water cooled reactors due to its low neutron 

absorption, good mechanical strength and good corrosion resistance in aqueous environment. Under normal 
operating condition of the reactor, the cladding experiences a temperature of about 300oC and its behaviour both 
with respect to corrosion and mechanical deformation is well understood. Creep of cladding under normal operating 
condition is not a problem. However during postulated loss of coolant accident (LOCA) condition, the cladding is 
exposed to very high temperatures (700-1200oC). Under such conditions the cladding undergoes rapid creep 
deformation due to high temperature and high tensile hoop stress caused by the fission gas pressure inside the fuel 
pin. Creep deformation of the cladding may lead to ballooning and rupture of the cladding. High temperature 
deformation and ballooning of Zircaloy cladding tubes have been studied by many workers [1-7]. However the exact 
mechanism of creep deformation and fracture of cladding tubes at such high temperatures has not been established. 
Only a few observations are available for tests carried out at lower temperatures of 500oC and 600oC [8, 9 ]. Troy et. 
al [8] found some evidence of formation of creep cavities near fracture at 600oC. Lee et al [9] found change in 
fracture mode from transgranular at 450oC to intergranular mode at 500oC. The aim of the present work is (i) to 
study creep deformation of irradiated Zircaloy cladding by heating irradiated fuel pins having internal gas pressure 
produced by fission gas release and (ii) to understand the mode and mechanism of failure of the irradiated cladding 
tube by examining cladding samples from failure locations. For this purpose fuel pins removed from irradiated 
PHWR fuel bundles having burnup of 7600 MWd/tU and 15000 MWd/tU and having internal fission gas pressure of 
0.55 MPa and 2.4 MPa respectively have been subjected to localized heating inside the hot cells using a heating 
system developed for this purpose [10, 11]. The results of deformation, failure and microstructural examination of  
cladding at failure are presented in this paper. 
 
EXPERIMENTAL 
 

Fuel pins taken from the outer ring of two irradiated PHWR fuel bundles were used in the tests. Outer fuel 
pins were selected because they had higher fission gas pressure inside the pins compared to the middle ring pins or 
the central pin. The characteristics of the fuel pins used in the experiment are given in Table 1. The cladding tube of 
these fuel pins is made of Zircaloy-2. The tube diameter (outer) and wall thickness are typically 1.52 cm and 0.04 
cm respectively.  
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Table-1: Characteristics of irradiated PHWR fuel pins used for experiment 

Parameter Value 
Fuel pin burnup     (MWd/tM ) 7,600 and 15,000, for UO2 pins,  

11,106 ThO2 pin 
2.40 ± 0.30 
0.55 ± 0.05 

Internal pressure in the pin at room temperature, (MPa), 
measured by puncturing of identical fuel pins in the bundle. 

0.15 ± 0.05 
Cold fuel-clad gap (radial)    (μm )   25 
Void volume in the fuel pin      (cc )   3 
Maximum oxide layer on the cladding OD (μm) 3.7 
Maximum oxide layer on the cladding ID (μm) 5.6 

 
 
Fuel Pin Heating System 

A remotely operable electrical furnace capable of heating up to 1350oC and providing a constant 
temperature zone of 100mm has been used for heating fuel pins inside the hot-cells. Details of heating system used 
in the experiment are described in Ref [10, 11]. The furnace is essentially of closed cylindrical type with an overall 
length of 750 mm and capable of providing a constant temperature zone of 100 mm. An Inconel tube with 125 mm 
diameter and 3 mm wall thickness is the heating chamber of the furnace. The fuel pin is charged into a ceramic tube 
of 20 mm OD and 2 mm wall thickness and passes concentrically through a reflector- insulator assembly. The whole 
assembly is loaded into the heating chamber in such a way that 100 mm length of the fuel pin is in the constant 
temperature zone. Heat resistant pads are provided on either side of the constant temperature zone, so that 
temperatures on the remaining length of the sample are kept as low as possible. The temperature control of the 
furnace was achieved by Proportional Integral and Differential (PID) controllers. A platinum-rhodium (R-type) 
thermocouple with compensation leads was used for temperature measurements. The fuel pins for ballooning 
experiments were heated to temperatures of 800, 850 and 900°C under argon atmosphere and held for desired time 
at those temperatures, followed by furnace cooling to room temperature. Heating rates used in all heating 
experiments were 12°C/min up to the temperature of 800°C and 8°C/min, thereafter. It was established from initial 
calibration runs on unirradiated fuel pins that corresponding to a temperature of 1150°C at the constant temperature 
zone, temperatures measured on the pin at 100 mm, 200 mm and 250 mm away from the constant temperature zone 
were 790°C, 474°C and 300°C, respectively.  
 
Post Test Examination 

Post test examination and measurements included visual examination of the fuel pins, leak testing to check 
their integrity, measurement of cladding deformation in the heating zone and micro-structural  examination using 
optical and electron microscopy. 

 
Cutting and Mounting of Samples  

Metallographic samples were cut from the failed fuel pin from the location showing maximum deformation 
and one from the cold region. The cut slices were defuelled and the cladding rings were mounted in cold setting 
resin. Mounted samples were metallographically prepared inside the hot cells using remotised metallographic 
sample preparation system.  

 
Metallographic Examination 

Metallographic samples were examined in the as-polished condition using a shielded metallograph. The 
samples were examined for cladding thickness and oxide layer thickness on the outer surface of the cladding. 
Subsequently, the samples were etched with a mix of HF, HNO3 and glycerol to examine the cladding 
microstructure.   

 
Microhardness Testing 

Microhardness measurements were carried out on different regions of the cladding using a microhardness 
tester with Vickers pyramid indentor attached to the remotised microscope. Measurements were carried out near the 
outer surface, mid-thickness and near the inner surface of the cladding samples taken from the ballooned and the 
unballooned region.  
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SEM Examination 

Metallographically prepared samples were examined in scanning electron microscope in secondary electron 
mode and in back scattered electron mode. 

 
RESULTS AND DISCUSSION 

 
General Observations  

Table 2 shows the observations on the nine fuel pins tested at temperatures in the range of 600- 900oC. 
Leak testing of the fuel pins after the heating test showed presence of leaks in three fuel pins in the ballooned region 
indicating that these fuel pins had failed during the test. The failed fuel pins included two pins with high internal 
pressure which failed during 10 minutes heating test. The pin with low internal pressure failed during heating for 15 
minutes at 900oC. Among the other six fuel pins, three showed bulging or ballooning in heated zone and three fuel 
pins did not show any deformation. 

 
 

 
                                     a                                                    b                                                                   c 

Fig.1. Fuel pins with internal pressure 2.40 ± 0.30 MPa heated at a) 700°C, b) 800°C   and c) 900°C for 10 
minutes under argon cover. 

 
 
Surface Appearance of Failed Pins 

Fig. 1 show the appearance of the surface of three high pressure fuel pins heated at 700oC, 800oC and 
900oC. Fuel pin heated at 700oC did not show deformation but other fuel pins heated at 800 and 900oC showed 
ballooning and failure (Fig 1b, 1c). The failure of the cladding was confirmed by leak testing as there was no visible 
open crack on the surface. This indicated that the failure was in the form of micro cracks or in the form of cavity. 
Figure of the fuel pin heated at 900oC (Fig 1c) clearly shows a region which is looking rough and  contains  small 
surface cavities some of which appear to have joined together to form a fine axial crack.  

 
Diametral Strain 

The axial diametral profiles of the failed fuel pins are shown in Fig.2a. The maximum diametral strain at 
the failure site was in the range 37-40% in all the failed fuel pins. Figure 2b shows the effect of heating temperature 
and time on the axial diametral profile of the fuel pins having internal pressure of 0.55 MPa. This figure shows that 
the maximum diametral deformation in the fuel pin increases with increasing temperature for constant heating time 
of 10 minutes. It is also observed that the maximum diametral strain increases by increasing the heating time at the 
same temperature. This indicates that the deformation is occurring by creep of the cladding. In order to derive a 
creep rate correlation from this data, the strain rate of the cladding in these fuel pins at the location of maximum 
deformation, excluding the data from the pin which failed, is plotted as a function of temperature in the form of 
Arrhenius plot (natural logarithm of strain rate vs. inverse of temperature) in Fig. 3. 
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Table 2: Details of fuel pins tested and general observation 

Sr. 
No 

Fuel pin ID, bundle No, average bundle 
burn up  

Internal 
pressure (RT), 
MPa 

Temperature, 
soaking time and 
environment 

Observations 

1 Outer pin, fuel bundle 56504, KAPS-1,  
14,581 MWd /tU 600°C,10min, Ar No deformation  

2 Outer pin,  fuel bundle 56504, KAPS-1, 
 14,581 MWd/tU 700°C,10 min, Ar No deformation 

3 Outer pin,  fuel bundle 35088, KAPS-2, 
15,161 MWd/tU 800°C,10 min, Ar Ballooned and 

failed  

4 Outer pin,  fuel bundle 56504,KAPS-1, 
14,581 MWd /tU 

 
 
 
 

2.40 ± 0.30 

900°C,10 min, Ar Ballooned and 
failed   

5 Outer pin,  fuel bundle 54505, NAPS-1, 
7,671 MWd/tU 800°C,10 min, Ar Bulging 

6 Outer pin,  fuel bundle 54505,  NAPS-1, 
7,671 MWd/tU 850°C,10min, Ar Ballooned  

7 Outer pin,  fuel bundle 54505, NAPS-1, 
7,671 MWd/tU 900°C,10min, Ar Ballooned 

8 Outer pin,  fuel bundle 54505,  NAPS-1, 
7,671 MWd/tU 

 
 
 
 
 

0.55 ± 0.05 

900°C,15 min, Ar Ballooned and 
failed   

9 Outer pin ThO2 bundleLY-274,  KAPS-2 
, 11,106 MWd/t(Th) 

 
0.15 ± 0.05 900°C,10 min, Ar No deformation  
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Fig.2: Axial diametral profile of heated fuel fuel pins (a) Profile of three fuel pins which failed during heating (b) 
effect of time and temperature of heating on axial diametral profile 

 
 
 
 
 
 
 
 
                                                                  
                                                               

 
 
 

Fig.3: Plot of creep rate vs. inverse of temperature 
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The data shows a very good linear fit providing following correlation: 

Creep rate (s-1) = 2.23 x 1010 x exp (- 305500/RT)                                                (1) 
where, R is gas constant, 8.314 J/mol K and T is temperature in K 
 
Optical Microscopy Observations  
Fuel Pin Heated At 900oC 

Samples from the unballooned region of the cladding revealed a uniform oxide layer at the outer surface of 
the cladding with an average oxide layer thickness of 3.2 µm, whereas oxide layer was absent in the sample from the 
ballooned section. The oxide layer present on the cladding surface before heating is believed to have dissolved 
during the heating process. 

Examination of the samples after etching revealed clearly demarcated equiaxed grains in the cladding from 
the ballooned region (Fig. 4). Average grain size was measured to be 18 µm which was slightly higher than the as 
fabricated grain size of 15µm. A featureless band (35 µm thick) with no grains was noticed at the outer surface of 
the cladding in the ballooned pin.  

Localised deformation of the cladding in the form of necking with a 100 µm crack propagating outwards 
was noticed at one location of the ballooned cladding (Fig 4). Thickness of the cladding at the necked region was 
138 µm. 

 
                                                                                                                                  Heated end of fuel pin 

  

 
                                                                                                                                    

Sample cut 
from heated end

Tube outer surface 

Tube inner surface 

                                                                                                    
 
 
 
 
 
 
 
 
 
 
 
                         

144µm 
133µm 

Fig. 4: Transverse section of cladding tube from heated portion showing necking, failure and microstructure of the 
cladding deformed at 900oC. 

 
 

Microhardness measurements carried out on the cladding samples heated at 900oC revealed high hardness 
of 425 VHN on the outer surface as compared to 179 VHN at mid-thickness and 194 VHN on inner surface of the 
ballooned cladding (Fig 5 and Table 3). Average microhardness value in the necked region was 205 VHN. Average 
microhardness on the unballooned cladding was 177 VHN with negligible variation in different regions of the clad. 
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     (a)                                                                    (b)  
Fig. 5: Microhardness across the wall thickness of the cladding (a) heated at 900oC (b) unheated portion of fuel pin. 

 

 

Table 3: Results of microhardness measurement 
Microhardness of cladding (VHN) 

 Location across 
cladding wall 

thickness Unheated 
cladding Heated at 900oC Heated at 800oC 

Near outer surface 176 425 
 181 

Mid thickness 176 179 162  
194 

 174 Near inside surface 180 

    
 
Fuel Pin Heated At 800oC  

There was no dissolution of oxide on the outer surface of the cladding. The hardness across the wall 
thickness was uniform (Fig 6a). The microstructure of the heated cladding showed presence of very fine cavities and 
circumferentially oriented hydrides platelets (Fig 6b). Localised deformation in the form of necking was observed 
(Fig 6c). The extent of wall thinning at the necking portion was much more than the thinning observed in the 
cladding heated at 900oC. 
           

   
                    (a)                                                           (b)                                                                 (c) 
     Fig. 6: Transverse section of cladding from high burnup fuel pin heated at 800oC (a) Microhardness indentation 
size across wall thickness (b) Microstructure showing fine cavities and hydride platelets (c) Necked region. 
                       
                                                                        
SEM Observations on Microstructure of the Deformed Cladding 
 

1. The microstructure of the deformed Zircaloy cladding consists of equiaxed grains. There is no apparent 
elongation of the grains in the direction of the stress even after a large creep strain of about 40%. 

2. There are intergranular features on the grain boundaries suggesting that grain boundary has played a 
significant role in the deformation.  
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Stress direction

 

 
 

 

Stress direction

Stress direction

 
Fig.7: SEM photomicrographs of cladding heated at 900oC showing presence of cav es and cracks on the grain 

boundaries 
 
 

3. SEM examination clearly shows presence of cavities and cracks on the grain boundaries. Cavities are 
observed on grain boundaries lying perpendicular or at 45o to the stress axis. The grain interior seems to be 

iti

free from cavities. Interlinkage of cavities is observed. Many cracks have formed by the interlinking of 
cavities on the grain boundaries (Fig 7). 
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4. 
cked region revealed intergranular crack propagation  

 
CONCL

 heating tests were carried out inside hot cells in the temperature range of 700°C-900°C on 
ated fuel pins having  fuel burn up in the range of 7600 - 15,000 MWd/tU and  internal fission gas pressure in 

the pins 

he cladding 
on heating at 600°C and 700°C for 10 minutes. However heating at 800°C and 900 C for 10 minutes 

2. 
formation of cladding but no failure. Average cladding creep rate measured in the 

 
5500/RT), where R is gas constant, 8.314J/mol 

K and T is temperature in K  
3. Fuel pin 

minutes. rmation in the failed fuel pins in the failed region was in the range of 

4. 
ed during heating at 900 C leaving behind a feature less band having thickness of 35 micron. The 

5. 
g that grain growth during heating. Intergranular 
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Local deformation in the form of necking is observed.  Failure has occurred by joining of intergranular 
cracks. Examination of the crack in the ne

USIONS 
 

Isothermal
irradi

 in the range  0.55 -2.40 MPa. Following conclusions can be drawn from the results of the tests. 
 

1. Fuel pins having high internal pressure of 2.40±0.30 MPa (at RT) showed no deformation of t
o

resulted in ballooning of the cladding leading to failure. Maximum diametral deformation of the cladding at 
failure was about 40%.  
Fuel pins with internal pressure 0.55 ± 0.05 MPa (at RT), when heated at 800°C, 850°C and 900°C for 10 
minutes showed creep de
fuel pins could be expressed by the following correlation:  

Cladding Creep rate (s-1) = 2.23 x 1010 x exp (- 30

with internal pressure 0.55±0.05 MPa (at RT), ballooned and failed when heated at 900oC for 15 
 The maximum diametral defo

37%. 
The oxide layer formed on the outer surface of the fuel pin cladding tube during irradiation is found to have 
dissolv o

hardness in this band is twice that of the hardness elsewhere. It is believed that this band has formed due to 
diffusion of oxygen from the oxide layer to the substrate. 
The microstructure of the cladding in the heated portion shows equiaxed grains of about 18 micron size 
compared to the initial grain size of 15 microns indicatin
cavities and cracks are observed in the microstructure of the cladding. Presence of cracks and cavities on 
the grain boundaries and absence of grain elongation in the direction of the stress indicates that the creep 
deformation at this temperature was through grain boundary sliding mechanism. Necking is observed near 
the failure site. Crack has initiated from the inner surface. Crack propagation is through the grain boudaries. 
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