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ABSTRACT 

 
In early generation of Indian Pressurized Heavy Water Reactor Zircaloy-2 tubes in cold pilgered and 
stress relieved condition served as pressure boundary for hot coolant, which was latter replaced by Zr-
2.5Nb alloy to achieve better in-reactor performance. A fraction of the hydrogen/deuterium released 
during corrosion of metal is picked up by the pressure tube material. In this work influence of hydrogen 
on impact and fracture toughness of  Zircaloy-2 and Zr-2.5Nb pressure tube between  ambient to 573 K is 
presented. Impact toughness was obtained by instrumented drop weight test using Curved Charpy 
specimens. Fracture toughness was obtained using 17 mm width CCT specimens specimens, machined 
from gaseously hydrogen charged tube-sections containing hydrogen between 10 to 225 ppm by weight 
(wppm). The fracture toughness of unirradiated Zircaloy-2 pressure tubes was determined by single 
sample unloading compliance method. For Zr-2.5Nb pressure tube material the fracture toughness 
parameters were determined as per the ASTM standard E-1820-06, with the crack length measured using 
DCPD technique. Metallography of hydrided samples revealed predominantly circumferential hydrides. 
Impact test results suggested sharp Ductile-to-brittle-transition behaviour for the hydrided pressure tube 
materials. It is observed that for a given test temperature the fracture toughness parameters representing 
crack initiation and crack propagation decrease mildly with increase in hydrogen content for both the 
alloys. 
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Introduction 

 

Zr-alloys are used as pressure boundary for hot coolant in CANDU, PHWR and RBMK reactors. 
In early generation of Indian Pressurized Heavy Water Reactor (IPHWR) Zircaloy-2 tubes in cold 
pilgered and stress relieved (CPSR) condition served as pressure boundary for hot coolant, which was 
latter replaced by Zr-2.5Nb alloy to achieve better in-reactor performance. The tubes for the Indian 
PHWRs are manufactured at Nuclear Fuel Complex (NFC), Hyderabad. The major fabrication steps for 
both Zircaloy-2 and Zr-2.5Nb pressure tubes (PTs) are shown in fig. 1. The Zircaloy-2 pressure tubes are 
manufactured by single pilgering whereas Zr-2.5Nb alloy pressure tubes are manufactured by adopting 
two stage pilgering with an intermediate annealing step. The final wall thickness for the Zr-caloy-2 tubes 
is ~4 mm and that for Zr-2.5Nb PTs is ~3.2 mm. The fabrication route for Zr-2.5Nb PTs is similar to the 
modified route II developed by Atomic Energy of Canada Limited (AECL) for the pressure tubes (PT) of 
CANDU reactors. The modified route II [Fleck et. al 1984] consists of two cold working steps (instead of 
one cold working step in the conventional route) and an intermediate annealing step. Two minor 
differences in the fabrication steps of Indian tubes and modified route II developed by AECL need to be 
noted: viz., (i) the amount of cold work imparted during first cold working stage of tube fabrication at 
NFC is larger (50-55 %) compared to the modified route II (20%) followed by AECL and (ii) compared 
to cold drawing practiced by AECL, at NFC cold work is imparted using a process called pilgering, which 
imparts simultaneous reduction of wall thickness and diameter. 
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Fig. 1: Fabrication flowsheet of Zircaloy-2 and Zr-2.5Nb pressure tubes 
 

Hydrogen / deuterium ingress during service and precipitation of plate shaped brittle hydride 
phase makes the pressure boundary components like pressure tubes of the aforementioned reactors 
susceptible to hydride induced embrittlement [Coleman et. al 1996]. Two forms of hydride embrittlement 
have been recognized for hydride forming metals - gross and localized. The former requires certain 
minimum volume fraction of the hydride phase, and it results in overall reduction in tensile ductility, 
impact and fracture toughness. Since hydride embrittlement is a major life limiting factor for the 
components made from these alloys, several theoretical and experimental studies have been carried out to 
understand the influence of hydrogen/hydride on the mechanical properties in general and 
micromechanisms assisting crack nucleation and its propagation in the presence of hydride, in particular. 
For ductile materials like Zr-alloys, crack initiation follows void nucleation and its growth in the plastic 
zone. Hydrides are suspected to be fracture initiating sites in Zr-alloys and the presence of hydride 
platelets normal to tensile load significantly influences crack propagation. The pressure tube is a pressure 
boundary component for hot coolant in PHWRs. Its design is based on the leak before break (LBB) 
concept, which requires that any crack/flaw in this component should leak already at a length that is less 
than critical crack length for catastrophic failure of these components. The integrity of the PTs is to be 
maintained not only during reactor operation but also under accidental conditions [Field et. al 1985, Puls 
1997, Maon & Richinson 1993].  
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Though the Zr-alloy pressure tubes manufactured for CANDU reactors are extensively 
investigated [Field et al 1985, Puls 1997, Maon & Richinson 1993, Theaker et al. 1996, Davies et. al 
1994, Davies & Sterns 1986, Huang  1993, Simpson & Chow 1987, Honda 1984, Chow & Nho 1997], 
very little information is available in open literature on the impact and fracture toughness of Zr-alloy 
pressure tubes used in IPHWRs [Viswanathan et. al 2006, Singh et al 2011, Dubey et al 1999 and Singh 
et al 2013]. The objective of the present investigation is to compare the impact and fracture toughness of 
CPSR Zircaloy-2 and Zr-2.5Nb pressure tube used in IPHWRs in the temperature range of ambient to 573 
K. 
 
Experimental 

 
An instrumented drop weight impact testing machine with an environment chamber for thermal 

conditioning of the specimens was used for impact testing. A specially designed anvil was fitted in place 
of standard Charpy anvil located in the environment chamber. It was ensured that the specimen sits freely 
in the slot of the anvil at all temperatures of testing. Velocity of pendulum was 3.5 m/s (corresponding to 
a drop height of 0.625 m). To comply with the requirement to minimise velocity reduction during 
fracture, the available energy Eo of the machine at this velocity of testing satisfied the conditions 
Eo≥3Emax load, and Eo >ET, where Emax load is the energy absorbed by the specimen up to  maximum load and 
ET is the total energy required to completely fracture the specimen [Viswanathan et. al 2006 & Singh et. 
al 2011]. Specimens were heated for at least 45 minutes before testing to ensure thermal equilibrium at 
the test temperature. Tests were carried out from ambient to temperature corresponding to the upper shelf 
energy level. 

The fracture toughness testing procedure recommended in ASTM standard E813-87 [Dubey et. al 
1999] and E-1820-06 [Singh et. al 2013]was followed in the present investigation and the crack length 
was determined using unloading compliance for Zircaloy-2 specimens and DCPD technique for Zr-2.5Nb 
alloy specimens, which enabled the fracture toughness to be determined from a single specimen at each 
condition. A sharp crack tip was obtained by fatigue precracking the CCT specimens using a servo-
hydraulic universal testing machine. Due to curvature of the CCT specimens, tapered pins were used to 
obtain uniform crack front across the thickness of the specimen. The stress intensity factor, KI, for fatigue 
precracking, was reduced in six steps from the starting value of 20 to the final value of 8 MPa.m1/2 with 
the ratio of minimum to maximum load being maintained around 0.1. The value of W

a after fatigue 
precracking was about 0.5. An Instron make screw driven UTM was used to pull the fatigue precracked 
specimen in tension to facilitate mode I crack propagation on the axial-radial plane along axial direction 
of the tube. A resistance heated three-zone furnace fitted on the UTM was used for attaining high 
temperature. The specimen was heated in air to the test temperature and soaked for an hour before starting 
the test. The specimens were pulled at a cross-head speed of 0.5 mm/min. The temperature of the testing 
furnace was controlled during the test within 1°C through a K-type thermocouple, placed very close to the 
heating element, using a programmable temperature controller. The temperature of the CCT specimens 
was monitored using K-type thermocouple (0.2 mm dia.) spot welded to the inside curvature of the CCT 
specimens within 1 mm of the fatigue precrack tip. The crack growth was monitored using direct current 
potential drop techniqu.  A constant DC current of 6 Amperes was used for all specimens. The DCPD 
output was measured using 0.5 mm diameter Zr-2.5Nb wires spot-welded to the crack opening within 1 
mm of the each side of the notch. The DCPD and thermocouple outputs were continuously recorded on a 
12-channel video graphic recorder. Apart from estimating the fatigue precrack length from DCPD data, 
the fatigue precrack length was also computed from the nine equispaced readings from the fractograph 
obtained from the broken half of the specimens after fracture tests. The arithmetic mean of average of the 
first and ninth reading and remaining seven readings yielded the fatigue crack length. Both crack 
initiation and crack propagation parameters were determined as per ASTM standard E1820-06. The 
aforementioned fracture toughness parameters were determined as a function of hydrogen content in the 
temperature range of 303 to 573 K.  
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For metallography, the specimens were sectioned along radial-circumferential and radial-axial 
plane of the pressure tube. Standard metallographic technique was followed to reveal the hydride 
microstructure, its morphology and distribution. For optical microscopy the Zircaloy-2 specimens were 
etched with 8% HF + 92%HNO3 solution whereas Zr-2.5Nb specimens were etched in a solution of 
HF:HNO3:H2O::2:9:9 for 20 seconds.  
 

Results  

Influence of hydrogen content on Impact toughness 

Fig. 2 shows the variation in impact toughness with hydrogen content for Zr-2.5Nb pressure tube material 
at 298 K and 473 K. For each test temperature and hydrogen content repeat tests were carried out. The 
scatter in the impact energy values were within 5 % of the reported values. The data for 298 K in this 
figure shows abrupt reduction in impact toughness with increase in hydrogen content from 10 to 25 
wppm. Since at room temperature hydrogen solid solubility in this alloy is less than one wppm, all the 
hydrogen is expected to be present as hydride and hence the reduction in impact toughness is due to 
hydrides and not hydrogen. With further increase in hydrogen content from 25 to 170 wppm the impact 
toughness (measured as total absorbed energy per unit area) remained practically unchanged. At 473 K, 
the decrease in impact toughness with increase in hydrogen content was more gradual up to a hydrogen 
content of 90 wppm, beyond which it appeared to be unaffected by further increase in hydrogen content. 
For comparison the impact toughness values for Zircaloy-2 pressure tube materials is also included in Fig. 
2 [Singh et. al 2011]. Though at 298 K Zr-2.5Nb pressure tube material with 10 wppm hydrogen had 
superior impact toughness as compared to Zircaloy-2 pressure tube material, for higher hydrogen content 
Zr-2.5Nb pressure tube material had marginally lower impact toughness. At 473 K, for the hydrogen 
content range of 10 – 170 wppm, Zr-2.5Nb pressure tube material showed higher impact toughness as 
compared to the same for Zircaloy-2 pressure tube material. 
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Fig. 2 Comparison of impact toughness between Zircaloy-2 (□) and CWSR Zr-2.5Nb alloy (o) as function 

of hydrogen content at (25oC) (dotted) and 472 K (200oC) (solid) [Singh et. al 2011]. 
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Influence of test temperature on Impact toughness 

Energy absorbed till fracture by Zircaloy-2 PT material in as-received and in hydrided conditions, 
plotted against test temperature is shown in fig. 3(a). The energy absorbed was observed to increase 
gradually with  increase in test temperature for as-received samples. However, hydride Zircaloy-2 showed 
very low impact energy below 403 K and above this temperature showed a sharp increase in impact 
energy suggesting transition from brittle to ductile behaviour with increase in temperature for the 
hydrided Zircaloy-2 PT material. Effect of hydrogen on embrittling zircaloy-2 was by way of shift in the 
ductile-brittle transition temperature and reduction in upper shelf energy is evident from the respective 
positions of the curves along the temperature axis. Sharp transitional behaviour is exhibited  by samples 
with 60 ppm and 225 ppm hydrogen. At 561 K energy absorbed by the material containing 60 ppm 
hydrogen almost equaled the energy of unhydrided Zircaloy-2. At all temperatures of testing, samples 
with 225 ppm hydrogen showed lower toughness than samples with 60 ppm hydrogen. However, the 
onset of brittle to ductile transition almost coincided at about 403 K for materials with 60 ppm and 225 
ppm hydrogen. 

The temperature dependence of impact toughness measured as total absorbed energy for Zr-
2.5Nb PT is shown in Fig. 3(b). It is evident from the data in Fig. 3(b) that for the specimens containing 
10 wppm hydrogen total absorbed energy values increased almost linearly with increase in test 
temperature from 298 to 473 K. However, for specimens containing 25 wppm hydrogen, the total 
absorbed energy showed marginal increase with increase in test temperature from 298 to 423 K. With 
further increase in test temperature the total absorbed energy increased appreciably, thereby exhibiting a 
sharp transition from brittle (low energy) to ductile (comparatively high energy) failure mode. For 
specimens containing 70 wppm hydrogen also such a sharp transition from brittle to ductile failure mode 
was observed and the transition temperature shifted to higher temperature. For specimens containing more 
than 70 wppm hydrogen the data points appeared to be merging with each other suggesting insignificant 
incremental role played by hydrides in the concentration range of 70-170 wppm.   
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Fig. 3 Total absorbed energy as a function of test temperature for (a) Zircaloy-2 and (b) Zr-2.5Nb 
pressure tube material. 

 

  J-Parameter 

The load (P) and LLD were recorded along with on-line unloading compliance measurements as per 
ASTM E813-87 for Zircaloy-2 samples [Dubey et. al 1999]. A sample plot for the single sample J-
integral test for Zircaloy-2 samples containing 60 wppm of hydrogen and tested at 423 K is shown in the 
Fig. 4(a). The J vs. a curve obtained gave the values of JIC and dJ/da values. J-R curves obtained by 
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unloading compliance (solid symbols) and load normalization method (open symbols) for Zircaloy-2 
pressure tubes charged with 60 ppm of hydrogen is shown in fig. 4(b). 

Fig. 5(a) depicts a typical J vs. a curve for the Zr-2.5Nb alloy sample containing 21 ppm of 
hydrogen and tested at 523 K. The blunting and exclusion lines are also shown in this figure to illustrate 
the computation of JQ. The intersection of the 0.2 mm offset line and the best fit power law curve passing 
through the qualified J values were taken as JQ. Apart from JQ, the J value corresponding to the a for 
maximum load was also determined. The slope of the best fit straight line passing through the qualified J 
values was taken as the mean dJ/da. The power law fits of the J vs. a curves for the samples containing 
90 wppm of hydrogen at different temperatures is also shown in fig. 5(b). The location of JMax (open 
symbols) on these plots (fig. 5(b)) is also shown in this figure. For both samples containing 21 and 90 
wppm of hydrogen, the power law fits for J vs a curves appear nearly identical. 

The Influence of test temperature on (a) JQ & JMax, and (b) mean dJ/da values of Zr-2.5Nb pressure 
tube alloy containing different amount of hydrogen is shown in fig. 6. It is evident from this figure that 
the hydrogen content does not affect the aforementioned fracture toughness parameters significantly for 
hydrogen concentration in the range of 21 to 90 wppm and in the temperature range of 303 to 523 K. The 
fracture initiation parameter (JQ), appear to be mildly increasing with increase in test temperature from 
303 to 473 K, remains practically unaffected between 473 and 573 K. The crack propagation parameters 
(JMax, and  mean dJ/da) increased with increase in test temperature and appear to be reaching a saturation 
value at the higher test temperatures suggesting that these data represent the high temperature part or 
upper shelf of the typical S-curve exhibited by the temperature dependence of fracture toughness. It may 
be noted that the difference between crack initiation fracture toughness parameters and crack propagation 
parameters increases with increase in test temperature. 
 For Zr-alloy pressure tube material dJ/da shows least scatter as compared to other fracture 
toughness parameter. The dJ/da parameters for Zircaloy-2 (solid symbol dashed line) and Zr-2.5Nb alloy 
(open symbol solid lines) pressure tubes are shown in fig. 7 for samples containing different hydrogen 
concentration. The dJ/da parameter for as-received Zircaloy-2 pressure tube material containing ~10 
wppm hydrogen was much higher as compared to the Zr-2.5Nb alloy pressure tubes. However, for higher 
hydrogen content the dJ/da parameters for both Zircaloy-2 and Zr-2.5Nb alloy pressure tubes were 
comparable. 
 
 
 
Critical Crack Length  

The variation in critical crack length for the catastrophic failure of pressure tubes under reactor 
operating condition with hydrogen content and test temperature is shown in fig. 8. The value of CCL 
determined in the present investigation for unhydrided Zircaloy-2 pressure tube material was >80 mm at 
all test temperatueres. However, CCL for Zircaloy-2 samples containing 60 wppm of hydrogen and Zr-
2.5Nb PTs containing 21-90 wppm of hydrogen was between 45-50 mm. For Zr-2.5Nb alloy samples,  
CCL was observed to be not significantly affected by hydrogen content in the range of 21-90 wppm 
[Singh et. al 2013]. The CCL values increased with increase in test temperature for all the samples in the 
temperature range of 303 to 473 K, remained unaffected between 473 and 573 K.  
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Fig. 4(a) Typical load vs. load line displacement 
plot obtained by single sample unloading 
compliance for Zircaloy-2 samples containing 60 
wppm hydrogen and tested at 423 K. (b) J-R curves 
obtained by unloading compliance (solid symbols) 
and load normalization method (open symbols) for 
Zircaloy-2 pressure tubes charged with 60 ppm of 
hydrogen. 
 

Fig. 5 (a) A typical J vs a curve for the Zr-2.5Nb 
alloy sample containing 21 wppm of hydrogen and 
tested at 523 K (250 °C) along with blunting and 
exclusion lines illustrates JQ computation. (b) The 
power law fits of the J vs a curves for theZr-
2.5Nb alloy samples containing 90 wppm of 
hydrogen at different temperatures (303 K – circle, 
473 K – Triangle and 523 K – inverted triangle) are 
also shown. The locations of JQ (solid symbols) and 
JMax (open symbols) on these plots are also shown. 
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Variation of JQ and JMax with Test Temperature
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Variation of dJ/da with Test Temperature
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Fig.6 Influence of test temperature on (a) JQ and JMax and (b) dJ/da values of Zr-2.5Nb pressure tube alloy 
containing different amount of hydrogen. 
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Fig. 7: Variation in dJ/da for Zircaloy-2 (solid 
symbols dashed line) and Zr-2.5Nb alloy (open 
symbols solid lines) Pressure tubes containing 
different hydrogen content.  

Fig. 8: CCL (mm) for catastrophic failure of Zr-
alloy pressure tubes under IPHWR operating 
conditions computed from JMax values at various 
test temperatures and hydrogen contents. 

 
Conclusions 

Instrumented drop weight test on curved Charpy specimens machined directly from pressure tube 
can be used to monitor service-induced degradation in fracture toughness of Zr-alloy pressure tubes. A 
sharp ductile-to-brittle energy-transition behaviour was exhibited by hydrided Zircaloy-2 and Zr-2.5Nb 
PT materials. Hydriding plays a significant role in lowering the toughness of Zircaloy-2 in the 
temperature range of 303 -403 K.  

This study shows the deleterious effect of circumferential hydrides on the fracture toughness of 
unirradiated Zircaloy-2 and Zr-2.5Nb pressure tubes. The crack growth initiation toughness of uncharged 
samples changes little over range of test temperature but dJ/da shows rapid increase. For temperature, less 
than 373 K, both 60 and 110 ppm hydrogen levels gave similar toughness values. It was observed that for 
a given test temperature both the fracture toughness parameters representing crack initiation (JQ) and 
crack propagation (JMax & dJ/da) for double melted unirradiated, cold worked and stress relieved Zr-alloy 
pressure tube material was practically unaffected by hydrogen content in the hydrogen concentration 
range of 21-110 wppm.  
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