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Abstract 
 

High chromium Oxide Dispersed Strengthened (ODS) steels used as fast breeder fuel 

clad material offer remarkable swelling resistance, excellent corrosion resistance and 
irradiation enhanced creep resistance. During manufacturing of these ODS tubes, 

cracking during pilgering is to be taken care as this material has poor workability . On-
line inspection of pilgering using Infrared Thermography has helped to detect cracking by 

analyzing radiometric data acquired during the process. During on-line monitoring, 

temperature spikes at certain spots where observed where cracks initiated during 
pilgering. This variation in thermal profile showed localized heating which was a result 

of crack formation. Analysis concluded the presence of residual mild steel on the surface 
due to insufficient grinding after the extrusion to remove the can material. Further tubes 
were electrochemically etched before pilgering to ensure the absence of mild steel. In 

subsequent processing of tubes, online monitoring showed uniform temperature profiles 
with no cracking. The paper gives details of this study carried out to established 

thermography as a NDE tool for online monitoring of pilgering of ODS tubes. 
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1.0 Introduction:  

 
High chromium Oxide Dispersed Strengthened (ODS) steels used as fast breeder fuel 
clad material offer remarkable swelling resistance, excellent corrosion resistance and 

irradiation enhanced creep resistance. These properties are required for a potential clad 

material in fast breeder nuclear reactor to get high burn-up. During manufacturing of 
these ODS tubes, cracking during pilgering is to be taken care as this material has poor 
workability . On-line inspection of pilgering using Infrared Thermography has helped to 
detect cracking by analyzing radiometric data acquired during the process. 

 

ODS tubes were produced by powder metallurgical route where the pre-alloyed powders 
were canned in a mild steel shell which were upset in a press to consolidate it. This 
compact was extruded at high temperature in the form of bar which is machined to get a 
hollow mother tube. Further processes were carried out by several cold working– 

annealing stages. 18 Cr -ODS steels has nano sized yttrium oxide phase dispersed in the 

matrix which enhance the hardness and reduce the formability  such that even annealing at 

1150°C cannot decrease its hardness considerably. Thus cold reduction at each stage was 
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limited to 20% due to inferior workability . Pilgering in ten stages were done in HPTR 
pilgering machine. At each stage of pilgering, thermography was performed for online 

monitoring of cold working. Experiments were carried out using FLIR make 
Thermocam™P60 camera and analysis was done by using thermocam professional 
researcher software. Metallographical analysis was also done using stereo and optical 

microscope along with videoscopy. Cracks were also evaluated in ultrasound testing 
using phased array. 

 
During on-line monitoring, temperature spikes at certain spots where observed where 
cracks initiated during pilgering. This variation in thermal profile showed localized 

heating which was a result of crack formation. Analysis concluded the presence of 

residual mild steel on the surface due to insufficient grinding after the extrusion to 
remove the can material. In next batch of tubes, electrochemical etching was done before 
pilgering to ensure the absence of mild steel. In subsequent processing of tubes, online 
monitoring showed uniform temperature profiles with no cracking. The paper gives 

details of this study carried out to established thermography as a NDE tool for online 

monitoring of pilgering of ODS tubes. 
 
2.0 High Cr-ODS  clad material 
 

Cladding materials development is crucial to realize high burn-up operation with high 

efficiency. Ferritic ODS steels exhibit remarkably higher void swelling resistance and 
creep resistance as compared to advanced austenitic stainless steels. In addition to that 
high chromium ODS steels offers excellent corrosion resistance at reprocessing stage 

which enhance the life of clad material. This enables this material to develop as a 
potential clad material for sodium cooled fast reactors. Recent irradiation experiments 

clearly  showed that the high chromium ODS steels were highly resistant to neutron 
irradiation embrittlement at temperatures between 773 and 923K [1]. They never showed 
irradiation induced loss of elongation that was generally  observed in metallic materials.  

 
2.1 Process flow sheet 

 
  

 



 
3.0 Infrared thermography for characterization 

 
Using the infra-red thermography, a method for quality  assessment of ODS steel tubes 
was developed in order to reveal the formation of cracks in pilgering. In this method, on-

line monitoring of infra-red thermography of pilgering was performed and the      
thermographic images were analysed and the imperfections were revealed.  

 
Infrared radiation is the energy radiated by the surface of an object whose temperature is 
above absolute zero [2]. The emitted radiation is a function of the temperature of the 

specimen material. There are three different ways by which the radiant energy striking an 

object get dissipated, they are  absorption, transmission and reflection. The fractions of 
the total radiant energy that are associated with each of these modes of dissipation are 
referred to as the absorptivity  (α), transmissivity  (г) and reflectivity  (ρ) respectively 
These three parameters are wavelength dependent. The sum of these three parameters 

must be one at any wavelength, as in Equation (1):  

 α + г + ρ = 1    (1) 
Materials in which both transmissivity  and the reflectivity  are zero are called 
blackbodies. In these materials, all of the striking radiant energy is absorbed (α = 1). The 
emissivity  of a body is defined for a wavelength (λ) by Equation (2), as the ratio of the 

radiant energy emitted by the body (Wλ) to the radiation that would be emitted by a 

blackbody (Wλb) at the same temperature. 
 ϵλ = Wλ/Wλb (2) 
A real body emits only a fraction of the thermal energy emitted by a blackbody at the 

same temperature. If the emissivity  is constant and independent of the wavelength, the 
body is a grey body. Thus, it can be expressed as Equation (3): 

 ϵλ = Wλ/Wλb = W/Wb  (3) 
The emissivity  of real objects is neither constant nor independent of the wavelength; thus, 
they cannot be considered greybodies. But it is usually  assumed that for short wavelength 

intervals, the emissivity  can be considered as a constant. This assumption is used to treat 
real objects as greybodies. Thus, although the emissivity  of real objects is wavelength 

dependent, and, therefore, they cannot be considered true greybodies, they are treated as 
such by averaging their emissivity through short intervals, in which the infrared 
thermography works. This calculation is possible because the emissivity  is a slow-

varying function of wavelength for opaque objects. This equation is the Stefan–
Boltzmann formula for greybody radiators which is used to find the temperatures. 

 W = ϵ.σ.T
4 

(4)
 

 
3.1 Emissivity calculation: The most impressive calibration parameter for temperature 

measurement using infrared thermography is emissivity . This parameter indicates the 
relation between the radiations emitted from the target object to that from a blackbody at 

the same temperature. Therefore, low-emissivity  materials emit less infrared radiation 

than materials with high emissivity  at the same temperature. Proper emissivity  
measurement is particularly  important in low-emissivity  materials. In objects with high 

emissivity , slight variations in the chosen emissivity  value cause only minor changes in 

the resulting surface temperatures. However, in low-emissivity  objects, such as polished 



steel or aluminium, temperature measurement is particularly  complicated, because small 
variations in emissivity lead to large variations in the resulting temperatures. There is a 

general procedure for emissivity  measurement [3]. A specimen object must be heated to a 
known temperature and then measured with the infrared device. The configuration of the 
emissivity  is then changed until the real temperature is measured. The final configured 

emissivity  is the emissivity  of object [4].  
 

4.0 Experimental setup 
 
Whole process consist of several pilgering processes using HPTR pilgering machine The 

HPTR cold pilgering process is a widespread seamless tube forming operation in which 

the inner diameter and tube wall thickness are reduced simultaneously. This technique 
provides a high forming rate, good turnouts and narrow tolerances. The process uses a 
back and forth or reciprocating motion. After each back and forth movement of the dies, 
the raw tube is translated by a small distance and rotated around its axis. A volume 

element takes several strokes before deformation is completed. ODS steels has nano sized 

yttrium oxide phase dispersed in the matrix which enhance the hardness and reduce the 

formability  such that even annealing at 1150°C cannot decrease its hardness 
considerably. Thus cold reduction by pilgering at each stage was limited to 20% due to 
poor workability . 

 

At each stage of on-line monitoring of pilgering was carried out by infra-red 
thermography using FLIR make thermocam. This camera has got a specification of 

0.06
o
C sensitivity , spectral range of 7.5-13µm, accuracy in temperature is ±2% and its 

frame rate and spatial resolutions are 30 frames/sec and 640*480 pixels respectively. On-
line monitoring of pilgering using infra-red thermography is performed by placing 

thermocam in suitable position so that to get the clear thermal image. This thermal image 
is later analyzed in Thermocam researcher professional software. 

 

As a first part pilgering of ODS shows bright spots in thermography and it gives a 
varying thermal profile. Later these tubes were examined in stereo microscope, 

videoscopy and ultrasonic testing using phased array.  
   

5.0 Results 

 
On-line monitoring of pilgering shows bright spots which indicate the cracks in the first 

stage.  

     
Fig. 1 Thermography images captured at three different timing in online monitoring of 

pilgering 



 
These indications were later examined and it shows a crack in the exact position were 

thermography showed bright spots. Outer surface is examined by stereo microscope and 
the internal surface is examined by videoscopes 

  

 
 

 
 

 

    
 

 
 

 

Fig. 2 Cracks observed in stereo microscopy            Fig. 3 Cracks observed in videoscopy 
 

 
Observed cracks are also examined using ultrasonic testing using phased array.  

 

  
 

 
 

 

 
 

 
 

 

    Electronic B-Scan                                    S-Scan                                                  A-Scan 
Fig. 4 Crack in outer diameter in different scan representation in phased array ultrasonic 

testing  
 

   

 
 

 
 

 

 
 

 
 
Electronic B-Scan                                           S-Scan                                                A-Scan 



Fig. 5 Crack in internal diameter in different scan representation in phased array 
ultrasonic testing 

These cracked tubes analysis showed that these tubes are cracked due to presence of mild 
steel particles in the surface. So for next tube etching was done before pilgering to ensure 
the absence of mild steel particles. Later these tubes were etched and again these 

processes are repeated. 
For the next stage tubes online monitoring of pilgering shows no bright spot in thermal 

images and uniform temperature is obtained in the thermal graph. 
 

 
Fig. 5 Thermograph image of etched ODS steel 

 

 
 

 
 



Fig. 6 Temperature profile obtained in thermocam researcher software 
 

 
 
 

 
 

 
 
 

 

 
 
 
 

 

 
 

Fig. 7  Stereo microscopy and videoscopy images of etched tube respectively 
 

As expected no cracks were observed in stereo microscopy 

 
6.0 Discussion. 
 

Taylor quinney coefficient is a parameter for characterization to find out the amount of 
cold work done. Plastic work (Wp) converted into heat (Qp) during the process of 

deformation plays an important role. The ratio of plastic work converted into heat is 
defined by the quantity β [5] 
 

β =
��

��
          (5) 

 
This quantity  indicates the fraction of stored energy (ζ) of cold working due to the 
rearrangement of crystal defects and formation of dislocations. 

 

 Ζ	 = 	1	− 	β (6) 
 

Although β is a function of plastic deformation and strain rate usually  it is taken as a 
constant having a value of 0.9. By using infra-red thermography value of β can be 

precisely found out by measuring the accurate temperature. 

 

 Qp	 = 	ρCpT (7) 
  

 Wp	 = 	σέp (8) 
 

Here σ is the component of stress and έ
p
 is the plastic strain. 



By using above equations using infra-red thermography temperature can be given to find 
out the Taylor quinney parameter (β) 

 
In dynamic material model, total power is partitioned in to two parts such as G-part and 

J-part                                                                  

 

P	 = 	σέ	 = 	� σ. dέ	
�

�
� � έ.dσ

έ

�
=G � J (9) 
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Where, G is the power dissipated by the plastic 
deformation giving rise to temperature rise in the work 
piece and J is the power dissipated due to metallurgical 

changes such as rearrangement of crystal defect and 

formation of dislocation structures. Here m shows strain     Fig. 8 stress vs strain rate 
rate sensitivity  which is evaluated from flow stress.             
 
Thermography will show the amount of dissipation of heat which reveals the G content 

by measuring the temperature. 

 
7.0 Conclusion and summary  

 

• Experiment setup is made to do on-line monitoring of pilgering of high chromium 

ODS steel using infrared thermography. 

• First batch of ODS steels were monitored while pilgering and it gives bright spots 

in thermography videos where the crack formation is initiated. 

• Cracks were analysed by stereo microscope and by ultrasound testing using 

phased array. It shows cracks in same position were exactly  that bright spots are 

observed in thermography videos. 

• Further analysis showed that mild steel patches are the reason for the cracks and 

for next batch of ODS steels, electrochemical etching was done to ensure the 

absence of mild steel. 

• For next batch of ODS steels thermography images showed uniform temperature 

and as expected no cracks were found in visual inspections.  

• These results show that it is possible to use online monitoring of infrared 

thermography as a powerful tool for characterization of defects while pilgering 

processes. The results of the infrared thermal imaging tests were matching with 

the observations in ultrasound testing  
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