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Abstract - The fracture toughness and the mechanical properties of the zircaloy-2 processed by cryo rolling have been 
investigated using. The solutionised alloy was rolled at cryo temperature with different thickness reductions (25% to 85%) 
and further mechanical behavior has been investigated by tensile and compact tension test. The fracture surface morphology 
has been studied using SEM. The rolled sample shows better crack arrest capabilities due to larger back stress produced 
during loading. More the dislocation density larger is the fracture toughness. The fracture surface shows the reduction in 
dimple sizes with the increase in dislocation density because micro voids are formed due to severe strained induced during 
rolling. 
 

I. INTRODUCTION 
 
Unstable and fast growth of crack growth leads to 
sudden Failure of component and results to loss of 
property and life. Numerous experimental and 
simulation techniques were developed by various 
researchers to detect the crack growth in its early 
stages [1-8]. Earlier, the approach to design the 
components only uses strength of material approach. 
The materials which are designed to bear the load in 
the form of components have various defects in the 
form of microscopic cracks and voids. These cracks 
after loading some time grows and results in 
catastrophic failure of components, which can be very 
dangerous. After losing the life of people and failure 
of large structures, scientists have now considered 
fracture toughness as relevant material parameter in 
designing. Over the last few decades better 
understanding of fracture mechanics has substantially 
reduced the risk of structure failure.  
The present work will focus on the fracture toughness 
obtained after rolling and cross rolling at cryo and 
room temperature.  
 
II. EXPERIMENTAL PROCEDURE 
 
Rolled 4 mm thick zircaloy-2 sheet obtained from 
nuclear fuel complex, Hyderabad is heat treated at 
800 oC in argon environment and quenched in 
mercury.  Samples of dimensions 60 mm x 60 mm 
were cut and rolled at different temperatures. Normal 
and cross rolling at room temperature and cryo 
temperature upto 25%, 50%, 75% and 85% thickness 
reductions is done.  The mechanical properties and 
texture of the rolled sheets is already reported [15-
18]. CT specimens were made according to ASTM 
Standard E-1820-09E1 and were tested under mode I 
loading. Samples above 25% thickness reductions 
were not tested, as lower thickness leads to buckling 
during compact tension testing. Fatigue cracking with 
minimal loading 0.6 times of yield value and upto 

1000 cycles was given initially to generate micron 
size cracks near the crack tip. A constant 
displacement loading with a strain rate of 1 x 10-6s-1 
was applied over the sample. Fractures surface was 
cleaned ultrasonically and analyzed using FEI Quanta 
200 FEG-SEM. 
 
III. EXPERIMENTAL RESULTS 
 
3.1 Initial microstructure with texture pole 
Initial microstructure of as received, mercury 
quenched, 25% cryo rolled (CR), room temperature 
rolled (RTR), cryo cross rolled (CCR) and room 
temperature cross rolled (RTCR) can be seen from 
figure 1(a-f) [9-12]. The microstructure of as received 
sample is heterogeneous, while Mercury quenched, 
deformed 25% RTR and CR sample shows an 
average grain size of 10 µm, while the deformed 
microstructure obtained after 25% RTCR and CCR 
has decreased to 9.5 due to twinning activity. The 
twinning activity is more in CCR and RTCR zircaloy-
2 as compared to CR and RTR condition. Extension 
 2110  twinning is present in most of the grains 
which provide initial hardening to the rolled CCR and 
RTCR zircaloy-2. Misorientations ranging from 20 to 
25o are also present in some grains in CCR and 
RTCR condition which shows the contraction twin 
activation.  
Pole figure of as received, mercury quenched, 25% 
CR, 25% RTR, 25% CR and 25% CCR can be seen 
from figure 2(a-f) [12-13]. Since, the as received 
sample was already deformed as shown in figure 2(a), 
the sample after mercury quenching  is also textured 
{0002} pole are already inclined. After, CR and RTR 
there is not much change in the texture but in case of 
CCR and RTCR {0002} poles are strongly texture. 
The difference in intensity can be seen in the order 
MQ<RTR<CR<RTCR<CCR. The variation in the 
intensity of {0002} pole also shows effect on tensile 
strength. Although,  2101  intensity does not 
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changed much but the poles in RTR and CR are 
inclined towards the rolling direction and are 
spreaded in case of CCR and RTCR.  
 
3.2 Load vs. displacement curve analysis 
The load vs. displacement curve for as received, MQ, 
25% CR, 25% RTR, 25% CCR, 25% RTCR can be 
seen from figure 3. The thickness of MQ and as 
received sample was 4.3 mm; while CR, RTR, CCR 
and BARTR samples have a thickness of 3.2 mm. 
The effect of thickness on the curve can clearly be 
seen in load displacement curve. Samples with 3.2 
mm thickness showed more displacement as compare 
to 4.3 mm thick sample. More displacement is due to 
plasticity occurred on moving towards plane stress 
condition by reducing the thickness. The maximum 
load reached by MQ and as received samples is 10.3 
KN and 12.5 KN with 4.3 mm thickness, 
respectively. The maximum load reached by 25% 
CR, 25%  RTR, 25%  CCR and 25% RTCR are 12.4 
KN, 11.1 KN, 13.2 KN and 12.2 KN with 3.2 mm 
thickness, respectively. Although, there is no grain 
refinement at 25% rolling reduction but the rolled 
zircaloy-2 showed better crack arresting capabilities 
as compared to MQ. The dislocations produced near 
the crack tip starts moving towards the grain 
boundary. Since, the dislocations are already present 
inside the grains, these dislocation produced are 
stopped by the pre existing dislocations and back 
stress is produced. Due to which it becomes hard for 
the dislocations to glide away from the crack tip and 
back stress becomes strong. Hence, the material fails 
by becoming brittle. This process is known as 
dislocation shielding [14]. Also, in case of CCR and 
RTCR the plastic region is more as compared to CR 
and RTR, which may be due to pre existing 
dislocations are already reported [9-10]. The 
experimental value of KIC calculated from the load 
displacement curve can be seen from table.1.  
 
3.3 Fracture surface analysis 
From Figure 4(a-f), crack formed by fatigue cracking 
in as received, MQ, 25% CR, 25% RTR, 25% CCR 
and 25% RTCR, respectively can be seen. Cyclic 
cleavage mechanism observed from crack surface 
after fatigue cracking can be seen from Figure 4. This 
mechanism occurs in transgranular fracture mode 
behavior. On moving towards the fracture surface 
morphology in figure 5(a-f) is showing as received, 
MQ, 25% CR, 25% RTR, 25% CCR and 25% RTCR, 
respectively. The fracture takes place by the 
formation of dimples showing plastic failure. Since, 
the fraction of secondary particles is very less, void 
coalescence is not seen on the fracture surface. It can 
be seen that dimple size of MQ is much larger as 
compared to rolled samples. The dimple size is small 
because of the micro voids formed due to severe 
strain induced during deformation by rolling. The 
decrease in size of dimples also explains the larger 
back stress near the crack tip on comparing with 

mercury quenched and rolled samples. During 
loading the movement of dislocations from crack tip 
towards the grain boundary occurs, if these 
dislocations are stopped in between then back stress 
is produced which help crack arresting. In materials 
containing secondary precipitates particles, loading at 
low temperature and in deformed materials this 
process takes place, which enhances the fracture 
toughness of the material [14].  
 
CONCLUSION 

  
 The rolled sample shows better crack arrest 

capabilities due to larger back stress produced 
during loading. More the dislocation density 
larger is the fracture toughness. 

 The fracture surface shows the reduction in 
dimple sizes with the increase in dislocation 
density because micro voids are formed due to 
severe strained induced during rolling. 
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FIGURES AND TABLES 
 

 
Figure 1. EBSD Microstructure of (a) As Received, (b) MQ, (c) 25% CR, (d) 25% RTR, (e) 25% CCR and (f) 25% RTCR Zircaloy-

2 [9-13] 

 
Figure 2. {0002} and  2101  Pole figure image of (a) As received, (b) MQ, (c) 25% CR, (d) 25% RTR, (e) 25% CCR and (f) 25% 

RTCR Zircaloy-2, respectively with mark showing the Loading Direction during Fracture Toughness Testing [12-13] 
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Figure 3. Load vs Crack Opening Displacement (COD) Curve obtained after CT Specimen Testing of As Received, MQ, 25% CR, 

25% RTR, 25% CCR and 25% RTCR Zircaloy-2, respectively[15] 
 

 
Figure 4. Micro Crack formation in CT Specimen during Fatigue Loading for (a) As Received, (b) MQ, (c) 25% CR, (d) 25% RTR, 

(e) 25% CCR and (f) 25% RTCR of Zircaloy-2[15] 
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Figure 5. Fracture Surface of the CT Specimen after Failure (a) As Received, (b) MQ, (c) 25% CR, (d) 25% RTR, (e) 25% CCR and 

(f) 25% RTCR Zircaloy-2[15] 
 

 
Table 1 Critical Stress Intensity Factor (KIC) values for As Received, MQ and CR, RTR, CCR 

and RTCR Zircaloy-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


