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I  SYNOPSIS 

------------------------------------------------------------------------------------------------- 

 In Prototype Fast Breeder Reactor (PFBR), the core subassemblies 

are hexagonal in shape and are supported at the bottom by grid plate. The 

subassemblies are provided with a pad on the six faces of the 

subassemblies at the top where contact is established between adjacent 

subassemblies. Flowing sodium at 823 K through the core removes the 

oxide layers from the mating surfaces of the subassembly pads and metal 

to metal contact take place. During reactor operation, under extreme 

temperature and radiation, thermal expansion and irradiation swelling are 

likely to exert force in the adjacent subassemblies pad. The high 

temperature and prolonged contact in addition to the pressure, can lead to 

self-welding of contact pads. This will increase the pulling load on fuel 

handling machine beyond the design limit at the time of refueling where 

the spent fuel subassemblies are taken out from the core and fresh fuel 

subassemblies are inserted into the core. Hence to ensure that self-

welding does not occur in fuel subassemblies contact pads, experiments 

were initiated simulating PFBR conditions. Thereafter, a detailed study 

on self-welding susceptibility of alloy D9 (which is the material chosen 

for subassembly contact pad) was taken up and compared with 316LN 

(the structural material chosen for reactor construction) taken as reference 

material both in the annealed and 20% cold-worked condition in high 

temperature flowing sodium under different contact pressure and time to 

understand the self-welding mechanism in these materials. 

 

Worldwide, investigators have carried out self-welding 

experiments on 304, 316 and 321 austenitic stainless steel. Literature 

survey revealed that no work has been reported on alloy D9 and 316LN. 

Hence these materials used in PFBR were selected for this study. The 
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self-welding coefficient (W) is used as a measure for self-welding 

tendency of materials and is defined as the shear stress for breakaway per 

unit contact stress ( shear force / contact force).  

 

 In this research work self-welding susceptibility of alloy D9  in 

annealed and 20% cold-worked condition have been evaluated in flowing 

sodium at 823 K for a contact stress range of  9.4 MPa to 24.5 MPa and 

for durations of 3, 4.5, 6 and 9 months. Similarly, self-welding 

susceptibility of 316LN was also studied in annealed and 20% cold-

worked condition and compared with the results of D9.   

   

In this experiment, a dedicated sodium facility was used which had 

provision for heating,  cooling and circulating sodium, monitoring 

impurity level in sodium with plugging  indicator, and purifying sodium 

with cold trap. The specimens tested in the experiment were hollow 

cylindrical stacked one above the other under compression using 

Belleville spring to get the required contact stress. The mating surfaces of 

the specimens were polished and surface roughness was maintained 

below 0.5 µm. Specimen assembly is then put inside the test vessel of 

sodium facility. Initially the specimens contact surfaces are allowed to 

come in contact with pure sodium flow which removes the oxide layer 

from the mating surface. After 24 hours the specimens are compressed by 

Belleville springs. The sodium loop is operated for the specified period 

and sodium purity is maintained by cold trapping continuously. The 

contact load in the specimen is also maintained uniformly using the load 

cell till the end of the experiment. After the experiment, the sodium is 

drained and test vessel is cooled to room temperature. The specimens are 

taken out with sodium deposits. Cleaning of specimens was carried out 

with alcohol. The self-welded specimen pairs are separated by a set up to 



 

 

Self-welding susceptibility of alloy D9 and 316LN Page xv 

measure the shear force. The tested specimens were later analyzed for 

self-welding using self-welding coefficient, SEM, EDS, Macro and Micro 

hardness. 

  

 The results indicated that the self-welding tendency is more in 

annealed 316LN than in 20% cold-worked 316LN which is on the 

expected line. On the contrary, 20% cold-worked alloy D9 showed more 

self-welding tendency and the annealed alloy D9 showed no self-welding. 

On analysis it was found that dynamic recrystallisation favoured self-

welding tendency in 20% cold-worked alloy D9 and there was no 

dynamic recrystallisation in annealed alloy D9. The carburisation of alloy 

D9 in sodium resulted in the formation of TiC precipitates at the grain 

boundary near the surface which accelerated the dynamic recrystallisation 

in 20% cold-worked alloy D9. Thus 20% cold-worked alloy D9 was 

found to be more susceptible for self-welding in flowing sodium. It was 

also determined that for PFBR conditions, self-welding will not occur in 

20% cold-worked alloy D9 contact pads of the subassemblies during its 

operation. 
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1. INTRODUCTION 

------------------------------------------------------------------------------------------------- 

1.1 Overview of PFBR 

The existing coal reserves in India can produce energy only for few 

decades [1]. India's growing energy needs can be met only by nuclear 

power. The Indian Atomic Energy program is to use thermal reactors and 

Fast Breeder Reactors to utilize natural uranium and thorium reserves to 

meet the future energy requirements. Hence development of Fast Breeder 

Reactors is gaining importance in the country. The first commercial Fast 

Breeder reactor in India is Prototype Fast Breeder Reactor (PFBR). 

 

PSP Primary sodium pump 

IHX Intermediate heat exchanger 

BFP Boiler feed pump 

HP - High Pressure 

LP - Low Pressure 

TR - Turbine 

 Fig. 1.1: Flow sheet of Prototype Fast Breeder Reactor [2] 
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Prototype Fast Breeder Reactor in India is pool type sodium cooled 

fast reactor [2]. The core is immersed in pool of liquid sodium as shown 

in Fig. 1.1.  Two large primary sodium pump (PSP) circulates sodium 

through the core to remove heat generated due to nuclear fission. The 

sodium pool temperature is at about 823 K. Heat is transferred to 

secondary sodium circuit through intermediate heat exchanger (IHX) and 

secondary sodium pump (SSP). Steam is produced in steam generator SG 

which in turn rotates the turbo generator to produce electricity. In case of 

non-availability of secondary sodium loop, Safety Grade Decay Heat 

exchanger (SGDHR) (four in numbers) removes the decay heat to 

atmosphere by natural circulation of sodium. The main vessel and the 

components inside form the primary sodium system of PFBR.  316LN 

austenitic stainless steel is the major material of construction of the 

primary sodium system [2]. 

 

1.2. Sodium as coolant 

 Since a fast reactor does not have a neutron moderator such as 

heavy water or light water, the reactor core has to be compact resulting in 

very high volumetric power density.  For example, the power produced in 

the core per unit cubic meter of a fast reactor is 550 MWt compared to an 

8 MWt for a heavy water moderated reactor of the same capacity [3].  

Thus it is important to use a very efficient heat transfer fluid as a coolant 

which should also possess favorable nuclear characteristics of low 

neutron moderation/absorption.  Liquid metals, specifically liquid 

sodium, meets almost all the requirements of a fast reactor coolant due to  

its high thermal conductivity, reasonable specific heat, low neutron 

moderation and absorption and high boiling point giving a large operating 

temperature range at near atmospheric pressure [3].  Thus liquid sodium 

has all essential characteristics to be a fast reactor coolant and has been 
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adopted in fast reactors. The high chemical activity of sodium including 

its violent reaction with water has been a matter of concern but the 

sodium technology has been mastered to circumvent the same.   

 

1.3. Self-welding in sodium cooled fast reactors 

Self-welding is a diffusion bonding phenomenon, which occurs 

when two smooth metallic surfaces (free of oxide layers) are pressed 

against each other for a particular duration at high temperature [4]. 

During this process, deformation of the surfaces in contact takes place (at 

the asperities of contact points) due to loading and during the 

recrystallisation that follows, diffusion of atoms takes place across the 

contact interface. This results in self-welding of the mating surfaces at the 

asperities. 

 

 

 

Fig. 1.2: Asperities of the mating surface 

 

 Fig.1.2 shows the asperities of the mating surface where only a few 

asperities come in contact and Fig.1.3 shows the progress of self-welding 

in asperities. The initial contact of the asperities is deformed as shown in 

Fig. 1.3(b) due to contact pressure and Fig. 1.3(c) shows self-welding 

after a specified period of time due to diffusion of atoms between the 

mating surfaces. 

Mating surface 2

Mating surface 1 

Asperities 
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Fig. 1.3: Self-welding in asperities 

 

In sodium cooled fast reactors, self-welding of mating surfaces of 

the reactor components are likely to occur as pure sodium removes the 

oxide layer resulting in metal to metal contact being established between 

the surfaces [4]. The major problems associated with self-welding are: 

1. Stuck interfaces: Stuck interfaces may cause components to resist 

removal or disassembly resulting in secondary damage. (where 

mechanism such as control rod drive mechanism or valves would fail 

to operate). 

2. Surface damage to sealing surfaces: Self-welding of valve seats to 

valve plugs in sodium loops may cause loss of seal across the valve 

seats. 

3. Ruptured components: Unyielding bonding interface can result in 

stress raisers, stress ruptures and fatigue failures in nuclear 

components. 

 

In many cases hard facing was done in one or both the mating 

surfaces to reduce self-welding susceptibility and friction [5]. Cobalt 

based stellite alloys, which possess excellent resistance to wear at high 

temperature are the natural choice as hardfacing alloys for these 

a 
b c 
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applications. However, in reactor environment, cobalt based alloys are 

not being recommended because of induced activity coming from Co
60

 

isotope which is produced from n,γ reaction from its natural isotope Co
59

. 

This radioactive isotope has a half-life of about 5.3 years which will lead 

to handling difficulties during maintenance of the components hardfaced 

using Co based alloys. Alterative to Co based alloys for this type of 

application is nickel based alloys (Colmonoy) and these are used as 

hardfacing material in fast breeder reactors [5]. Hard Cr plating is another 

process employed for protecting the surfaces against galling and self-

welding [5]. Self-welding susceptibility of the chromium plated 2.25 Cr 

Mo steel with Inconel 82 weld metal in flowing sodium has been studied 

recently for fast breeder reactor application [6]. Similarly many self-

welding experiments have been carried out to validate the design of 

hardfaced coatings and the design of the mating surface of the reactor 

components. 

 

1.4. Components susceptible for self-welding in PFBR 

 Self-welding is a matter of concern in many components of PFBR. 

Table 1.1 lists some of these components and their material of 

construction along with operating conditions in the reactor [6]. Core 

subassemblies, as already mentioned, are arranged in hexagonal arrays 

and are supported vertically in grid plate in PFBR. Each subassembly is 

surrounded by six subassemblies. Contact pads are provided on each face 

of the hexagonal subassemblies in the top. During reactor operation, 

thermal expansion and swelling (irradiation induces voids in atomic 

structure leading to swelling in materials) of subassemblies increase the 

pressure contact between the contact pads. Presence of stress, high 

temperature and oxide free metallic surfaces, can facilitate self-welding 
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between adjacent subassemblies at the contact surface of the pads. 

  

 In the case of grid plates, as seen from Fig. 1.4, it rests on the core 

support structure. As there is a difference in the sodium temperature 

below the grid plate, where cold sodium enters and above the grid plate, 

where heat is generated, there will be difference in the thermal expansion 

and contraction of the grid plate and the core support structure, which 

would result in relative movement of these massive components. To 

facilitate this relative movement, it is important to avoid self-welding at 

the location of contact between these two components.  Accordingly, 

hardfacing using Ni base Colmonoy 5 alloy is done along two annular 

rings on the grid plate assembly, which form the area of contact between 

grid plate and core support structure. 

 

 In the primary pipe, interfaces between support plate of spherical 

header and support brackets from core support structure are coated with 

colomonoy-5 to avoid self-welding and permit relative movement of 

components during the operation of PFBR. 

 

 There are many more components like Control Safety Rod (CSR) 

subassembly, Diverse Safety Rod (DSR) subassembly, Control Safety 

Rod Drive Mechanism (CSRDM) and Diverse Safety Rod Drive 

Mechanism (DSRDM) etc, where mating surfaces encounter the risk of 

self-welding or wear.  

 

 All these components have been studied for their susceptibility for 

self-welding. However, it may be noted that in all these combinations, 

except in the case of core subassembly, at least one of the mating surfaces 

is either Cr plated or hardfaced. In the alloy D9 contact pads of the fuel 
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subassemblies, is not hardfaced but 20% cold-worked and they are also 

susceptible to self-welding. The alloy D9 is 20% cold-worked to improve 

the resistance against radiation induced swelling [7]. Hence, it was 

necessary to undertake a detailed study on self-welding susceptibility of 

20% cold-worked alloy D9.  

 

Table 1.1: Material susceptible for self-welding in PFBR and the 

service conditions experienced by them [6] 

Components 
Material 

Combination 
Temperature Stress  Duration 

Surface 

Finish 
Medium 

Core 

Subassembly 

 

20%CW* D9 

and 

20%CW* D9 

 

850K 

(normal operation) 

473K 

(fuel handling) 

1.8–3.3 MPa 

(normal operation) 

1.6–2.7 MPa 

(fuel handling) 

2 years 
<0.8 

µm 
Sodium 

Grid Plate 
Colmonoy 5  

and 316LN 

 

673K 

(normal operation) 

473K 

(fuel handling) 

803K 

(transient 

condition) 

 

≤ 11 MPa 40 years 0.8 µm Sodium 

Primary Pipe 

Colmonoy 5 

and 

Colmonoy 5 

 

673K 

(normal operation) 

473K 

(fuel handling) 

803K 

(transient 

condition) 

 

≤11 MPa 40 years 0.8 µm Sodium 

 

CSR 

Subassembly 

 

Colmonoy 

5and 

Cr-plated 

 

845 K 

 

 

6 MPa 

 

 

8 months 

 

0.8 µm 

 

Sodium 
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Components 
Material 

Combination 
Temperature Stress  Duration 

Surface 

Finish 
Medium 

316LN 

 

 

Z6 NCT DV 

25-15 

and 

Colmonoy 5 

 

845 K 60 MPa 8 months   

Nimonic 80A 

and 

Colmonoy 5 

 

670K 

(normal operation) 

473K 

(handling) 

 

11 MPa 2 years 

0.4 µm 

vs. 

0.8 µm 

Sodium 

DSR 

Subassembly 

 

Cr-plated 

2.25Cr-1Mo 

and 

Inconel 82 

 

773K 

(normal operation) 

473K 

(fuel handling) 

1.6 MPa 

(normal operation) 

2.4 MPa 

(fuel handling) 

8 months 
< 

0.8 µm 
Sodium 

Nimonic 80A 

and 

Colmonoy 5 

 

670K 

(normal operation) 

473K 

(handling) 

 

11 MPa 2 years 

0.4 µm 

vs. 

0.8 µm 

 

CSRDM 

 

Colmonoy 5 

and 

Cr-plated 

316LN 

 

845K 

(lower guide) 

403K 

(upper guide) 

187 N (cylinder in 

cylinder) 

93 N (cylinder in 

cylinder) 

2 days 

0.4 µm 

 

0.4 µm 

Sodium, 

Argon /  

DSRDM 

 

Colmonoy 5 

and. 

Cr-plated 

316LN 

 

845K (lower 

guide) 

403K (upper 

guide) 

 

187 N (cylinder in 

cylinder) 

93 N (cylinder in 

cylinder) 

 

8 months 

 

0.4 µm 

0.8µm 

(Cr 

plated) 

 

Sodium 

CW* cold-worked 
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Fig. 1.4: Prototype Fast Breeder Reactor [2] 

 

1.5. The PFBR core 

 Fig. 1.4 shows the vertical section of PFBR and Fig. 1.5 shows the 

plan view of the subassemblies of the reactor core.  Subassemblies are 

hexagonal tubes which contain fuel, blanket (for breeding), reflector or 

shielding material. There are 1757 subassemblies in the PFBR core. 
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Fig. 1.5: Plan view of the subassemblies in the core of the reactor [2] 

The fuel subassemblies are surrounded by blanket, steel reflector and 

shielding subassemblies. Maximum heat is generated in the fuel 

subassemblies. Each subassembly is 4 m in height and the foot of the 

subassemblies is held in the sleeves provided in the grid plate at the 

bottom of the core. Storage location is provided for the spent fuel 
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subassemblies to reduce the radioactivity level. All the fuel handling 

inside the reactor is done by Transfer Arm which locks with the 

subassembly head for removing or inserting fuel subassemblies in the 

core during refueling [8,9]. In PFBR, there are 181 fuel subassemblies 

and each fuel subassembly contains 217 fuel pins of 6.6 mm outside 

diameter (Fig.1.6). Sodium flows through the space available between the 

fuel pins to remove the heat produced by nuclear fission. The six sides of 

the subassemblies are provided with contact pads at the top so that contact 

between adjacent subassemblies occurs only at these pads. The material 

for subassemblies and fuel pin clad is alloy D9, an austenitic stainless 

with 15Cr-15Ni-2Mo with Ti addition. This alloy is chosen for its better 

resistance to radiation swelling than 316LN, the major structural material 

chosen for the reactor [10, 11]. 

  

1.6. Self-welding in fuel subassemblies 

 As already explained in the previous section, the PFBR core is 

compact core and the fuel subassemblies will bend against adjacent 

subassemblies due to swelling by radiation and thermal expansion as 

shown in Fig. 1.6 during the operation of the reactor. It is to be noted that 

the material of construction of wrapper and its pad is 20% cold-worked 

alloy D9. As the flowing sodium removes the oxide layer, metallic 

surface is exposed, making it highly susceptible to self-welding. The life 

of the subassemblies in the reactor is 2 years [2]. The high contact stress 

that could be experienced by the pad for long duration while in service at 

a fairly high temperature of 823 K increases the chances of self-welding 

occurring at the contact pads of the subassemblies. If the contact pads are 

self-welded removal of fuel subassemblies during refueling would be 

difficult as the load requirement required to separate the self-welded 
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subassemblies might exceed the design load of fuel handling machine. 

 

 

Fig. 1.6: Fuel subassembly of PFBR [10] 

 

 Providing wear resistant coatings at the contact pad locations has 

been reported in various FBR designs. The contact pads of subassemblies 

in Fast Flux Test Facility in USA, were coated with chromium carbide 

particles and Ni-Cr alloy (which acts as a binder), and the process 

employed for deposition is Detonation Gun (D-Gun) technique [12]. In 

PFR design of UK, the contact pads were made separately using stellite 

alloys and welded to 20% cold-worked PE 16 alloy (the wrapper 

material) by electron beam welding. In SNR-300 of Germany stellite 

along with Inconel 718 was chosen as hard facing material in the wear 

pads of subassemblies. In Indian Fast Breeder Test Reactor (FBTR), hard 

chrome plating is used in the 20% cold-worked 316L of fuel subassembly 

pads to prevent self-welding. The Rapsodie of France also had similar 

coating on the wrapper.  

 

 In PFBR, hard chrome plating is not proposed in the contact pads 

of subassemblies. The operating temperature of the core is 833 K and 

hard chrome plating loses its hardness significantly with increase of 

Face to Face 131 mm 

 

Pad size 50 x 25 mm 
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temperature above 723K [12]. Chromium carbide coating was also not 

considered as the bonding produced by D-gun process is not metallurgical 

in nature and there is always a risk of spalling of the coating due to 

weakening of the bond interface under irradiation environment and the 

secondary stresses generated during reactor operations. Strict dimensional 

tolerances specified for the subassemblies could not be met in the 

attempts to weld separate contact pads made of hardfacing alloy like 

Colmonoy to the subassemblies as in the design of UK’s PFR. Further, it 

is also argued that 20% cold-work of alloy D9 has much higher hardness 

and strength than the solution annealed material and hence there is no 

need to provide a separate coating at the pad locations in the 

subassemblies made of the cold-worked material. In fact, in the French 

reactor Superphenix, built after Rapsodie, no hard facing or coating was 

provided at the contact pads.  Accordingly even for Indian PFBR, it was 

decided to go ahead with no coating on the pad of fuel subassemblies. 

 

1.7. Aim of the Investigation 

  The following are the aim of the investigation: 

• To have firsthand information of the risk of self-welding in the 

subassemblies contact pad during the PFBR operation by 

conducting tests in simulated reactor conditions. 

• To identify the test parameters that would result in self-welding of 

the mating surface for structural material and understand the 

mechanism of self-welding. 

• To compare the self-welding susceptibility of 20% cold-worked 

alloy D9, the contact pad material with the structural material 

316LN of PFBR. 
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1.8.  Organisation of the thesis 

 The thesis is proposed to have 5 chapters: 

• Chapter 1  Introduction 

• Chapter 2  Scope of research 

• Chapter 3  Experimental program 

• Chapter 4  Results and Discussion 

• Chapter 5  Conclusion 

 Chapter 1 briefs the features of sodium cooled Prototype Fast 

Breeder Reactor (PFBR) and the self-welding of mating surfaces in 

sodium was explained with figures. Self-welding in different components 

of PFBR was summarised and tabulated. The PFBR core subassemblies 

were discussed in detail as the focus of our study is on self-welding of 

contact pads of fuel subassemblies. The various options used in different 

reactors worldwide to prevent self-welding were discussed in detail. 

Finally the aim of the investigation is brought out. 

 

 Chapter 2 summarises the literature available in self-welding of 

mating surfaces in flowing sodium. Procedures adopted for testing by 

different laboratories were essentially same i.e. the specimens are pressed 

against each other at a known load and at a fixed temperature for a known 

duration. In most of the cases specimens were stacked one over the other 

and load was applied vertically. In some of the studies, specimens were 

arranged horizontally and direction of load application was horizontal. 

Different laboratories use different parameters to assess the susceptibility 

of the mating surfaces to self-welding. There is only one study reported 

on cold-worked austenitic stainless steel, SS316. New structural materials 

like 316LN and alloy D9, presently chosen for India’s PFBR have not 
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been studied for their susceptibility to self-welding. 

 Chapter 3 describes the experimental program carried out. It also 

includes the design of an experimental facility for self-welding in which 

parameters like load, time and material can be varied. Alloy D9 and 

316LN are chosen for the experiment in annealed and cold-worked 

condition. 316LN is taken as reference material. The specimens are 

hollow rings so that they can be stacked one over other and compressed. 

The specimens after assembly will be inserted into a sodium vessel where 

sodium circulation is maintained with online purification using cold trap 

and plugging indicator. After the experiment, the specimen assembly is 

taken out and cleaned from sodium. A set up was designed to measure the 

shear force required for separation of the self-welded pairs. The self-

welded specimen was further subjected to metallurgical studies like SEM, 

EDS, AES, microstructure and hardness measurement. To get the best 

results from the experiment, extreme care was taken throughout the 

experiment. 

  

Chapter 4 discusses the results of the experiments carried out to 

assess the self-welding susceptibility of the material. The self-welded 

specimen pairs were analyzed for using self-welding coefficient, SEM, 

EDS, Microstructure Macro and Micro hardness. Empirical relations were 

derived for alloy D9 and 316LN in annealed and cold-worked condition. 

The SEM micrographs were presented showing the surface damage in all 

cases tested. The results indicated that the self-welding tendency is more 

in annealed 316LN than in 20% cold-worked 316LN which is on the 

expected line. On the contrary, 20% cold-worked alloy D9 showed more 

self-welding tendency and the annealed alloy D9 showed no self-welding. 

On analysis it was found that dynamic recrystallisation favoured self-
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welding tendency in 20% cold-worked alloy D9 and there was no 

dynamic recrystallisation in annealed alloy D9. The carburisation of alloy 

D9 in sodium resulted in the formation of TiC precipitates at the grain 

boundary near the surface which accelerated the dynamic recrystallisation 

in 20% cold-worked alloy D9. Thus 20% cold-worked alloy D9 was 

found to be more susceptible for self-welding in flowing sodium. It was 

also determined that for PFBR conditions, self-welding will not occur in 

20% cold-worked alloy D9 contact pads of the subassemblies during its 

operation. 

 In Chapter 5 the conclusions drawn from this study are detailed 

along with the future directions of the self-welding studies to be carried 

out. 

 

1.9 Summary 

 The features of sodium cooled fast reactor (PFBR) were briefed 

and the self-welding of mating surfaces in sodium was explained with 

figures. Self-welding in different components of PFBR was summarised 

and tabulated. The PFBR core subassemblies were discussed in detail as 

the focus of our study is on self-welding of contact pads of fuel 

subassemblies. Finally the aim of the investigation is brought out. 
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2. SELF-WELDING SUSCEPTIBILITY STUDIES IN 

FLOWING SODIUM 

------------------------------------------------------------------------------------------------- 

2.1. Literature survey 

Self-welding of mating surfaces of various reactor components in 

flowing sodium has been a concern in the design of Fast Breeder Reactors 

worldwide. Hence, extensive studies on self-welding susceptibility of 

some of the materials considered for various components of fast breeder 

reactors have been carried out using specially designed experimental set 

up for this purpose. Essence of these studies is given below: 

 

K.Bendorf [13] of Germany in 1970 carried out experimental 

investigations of self-welding of structural materials in sodium as shown 

in Fig. 2.1. Two devices which can hold 15 and 40 specimens 

respectively were inserted into sodium tank and tightened by a pull rod 

with a bellow arrangement for leak tightness. The force is measured by 

annular dynamometer. Tests were conducted at two temperatures 853 K 

(580 
o
C) and 973 K (700 

o
C), contact stress up to 20 MPa and duration up 

to 7 days. Austenitic stainless steel, ferritic steel, nickel base alloy and 

hardfacing alloys were tested. Adhesion coefficient H, defined as  

         H = Adhesive force / contact force          (1) 

is used as a parameter to assess the susceptibility of the materials to self-

welding. 

 

It was found from the experiment that austenite and ferrite steels 

are susceptible to self-welding and the adhesion coefficient H is greater 

than unity. Repeatability of the result was found difficult due to 

differences in roughness, shape, mechanical and thermal influences, 

disassembly and cleaning of specimen.  
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The experimental set up was massive. Though the self-welding 

phenomenon is also time dependent, experiments were carried out for 7 

days only. The experiments indicate that austenitic steel is susceptible for 

self-welding. The experiments also indicate that sodium flushing of 

surfaces is essential for self-welding to occur.  

 

 

Fig. 2.1:  Experimental setup of K. Bendorf [13] 

Specimen 
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Fig. 2.2: Experimental set up of Huber [14] 

 

Huber [14] of Germany investigated self-welding behavior of 

materials in sodium in the facility as shown in Fig. 2.2.  The experimental 

set up is similar to that used by K. Bendorf. The test material and 

conditions were selected mainly to suit SNR 300 prototype sodium cooled 

fast reactor. Initial experiments were to find out the influence of material, 

sodium temperature, contact pressure, contact area and surface finish. 

Final experiments were on Inconel 718 (nickel base alloy) and stellite 6 

(cobalt base alloy) for SNR 300 fuel spacer pads. It was determined from 

experiment that the breakaway force increased proportionally to contact 

area, contact pressure, and contact time. Breakaway force is inversely 

proportional to high temperature strength of the material. When two 

dissimilar materials are used, self-welding behavior is determined by 

material with lower high temperature strength. Maximum breakaway 

Specimen 
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forces were measured with ferritic steel, lower breakaway force were 

obtained with austenitic steel, and lowest breakaway force was measured 

for inconel 718 indicating that the breakaway force is inversely 

proportional to high temperature strength of the material. 

 

The test materials Inconel 718 and stellite 6 and experimental 

conditions were selected for the SNR 300 spacer pads. Tests were 

performed to evaluate more accurately the self-welding behaviour of 

these materials. 

 

Ji Young [15] of United States  evaluated the self-welding behavior 

in  stellite 1, 3, 6, 12 and 21 for a range of contact stress ( 41.4 MPa to 

82.8 MPa), sodium temperature 727 to 902 K ( 454 
o
C to 629 

o
C) and 

contact period one week to six months.  One specimen is attached to the 

bottom of the test vessel containing sodium and other specimen is 

attached to a shaft through seals and hydraulic actuator. The hydraulic 

device is used to mate and hold the samples in static contact at the 

required load. Stellite 1, 6, 12 were hardfaced on 304 stainless steel by 

oxy-acetylene deposition process and plasma transfer arc process was 

used for Stellite 21.  Stellite 3 was tested in as cast condition. The 

thickness of coating was maintained greater than 3.2 mm in order to 

minimize dilution of coating by base material. It was found from the 

experiment that: 

Breakaway force = A t 
½ 

                         (2) 

where t is the time of contact and A is proportional constant which is 

function of sodium   temperature, material, surface morphology and 

contact stress. 

 

 The figure of the experimental set up is not provided. The paper 
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deals with stellite series under cyclic loading conditions. Stellite 1 

showed superior self-welding resistance compared to other material 

because of higher carbon content in the alloy. 

 

 

Fig. 2.3: Experimental set up of Norikatsu [16] 

 

Norikatsu [16] of Japan in 1986 studied the self-welding of FBR 

structural materials (type 304, type 321, inconel 718, and 2.25 Cr -1Mo 

steel) in sodium using the facility as shown in Fig. 2.3 up to a contact 

pressure of 98 MPa for 100 to 900 h at temperatures ranging from 778 K 

to 823 K (505 
o
C to 550 

o
C). The experimental set up consists of a load 

cell, loading bolt and specimens, inserted from the top of the vessel with 

bellows for leak tightness. The bottom face of the specimen had curved 

ridges for which lengths are varied to get the desired contact pressure. 

Self-welding coefficient, W was defined as breakaway force per unit 

contact force. It was found that the self-welding coefficient W is 

proportional to square root of contact time and increased with increase in 

temperature of sodium.  
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W
2
 = K t                         (3) 

where W = self-welding coefficient K = rate constant of self-welding   

t = contact time.   

  

 Type 304, Type 321, and Inconel 718 materials had almost same 

value of self-welding coefficient. 2.25 Cr-1Mo steel self-welded to itself 

and susceptibility to self-welding was highest among the material 

combinations studied. It was also found that at the interface of self-

welding, chromium is rich and it forms a barrier for diffusion of atoms. 

Presence of chromium was attributed as one of the reasons for better self-

welding resistance of stainless steel than 2.25Cr 1Mo steel.  

 

 

Fig. 2.4: Experimental set up of P.Agostini [17] 

 

 Agostini [17] of Italy have carried out self-welding tests in sodium 

in the facility as shown in Fig. 2.4, at 673 K and 773 K (400 
o
C and 500 

Specimen 
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o
C) on 20% cold-worked SS 316 up to a maximum of 45 days. A contact 

force of 530 N was applied.  

 

 The specimens had a flat to flat contact and were tested in static 

condition in a reciprocating tribometer used for friction measurement. 

20% cold-worked 316 was tested up to 45 days. It was concluded that no 

self-welding had occurred. 

  

 

Fig. 2.5: Experimental set up of Yoshida [18] 

 

 Yoshida [18] of Japan has carried out in-sodium tribological study, 

which includes self-welding test in a set up as shown in Fig. 2.5, on 

cobalt-free hard facing materials chosen to reduce the radiation exposure 

in FBR. The test specimens were stacked together, inserted into the pull 

rod and exposed in sodium. Nickel base alloys Fukudalloy 453, 

Comonoy-6, Metco 15E and Triboloy 700 were tested with contact stress 

up to 40 MPa for duration up to 3200 hours.  

  

 Graphs were plotted between self-welding ratio (number of self-

welded specimen / number of test specimen) and sodium temperature 
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with SS 316 and Stellite 6 as reference materials. At temperatures above 

873 K (600 
o
C) all specimens showed self-welding.  

 

  Sulekh [4] of India investigated self-welding in combinations of 

austenitic stainless steel (Fig. 2.6 and Fig. 2.7), hard chrome plating and 

stellite-6 in liquid sodium at 803 K (530 
o
C) with contact pressure 10 and 

40 MPa for 500 h and 1000 h. The test specimens were stacked in a rod 

and pressed against the sodium vessel at its bottom. The applied force 

was calculated by deflection and stiffness of the spring used in the test set 

up. There were indications of mild self-welding in all combinations of 

material tested except stellite combinations.  
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Fig. 2.6: Experimental set up of Sulekh Chander [4] 
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Fig. 2.7: Specimen used by Sulekh [4] 

  

 Hemant [ 19]  of India has qualified chromium plated 2.25Cr -1Mo 

steel and Inconel 82 for PFBR as no self-welding was observed during the 

simulated test conditions. This material combination is used in Diverse 

Safety Rod Drive Mechanism (DSRDM).  Experiment was carried out at 

823 K for 3 months under contact stress of 9.4 MPa.  

 

 From the survey of the literature reported on self-welding 

susceptibility studies in flowing sodium, it can be seen that several 

material combinations which are relevant to FBRs have been studied by 

different laboratories in many countries. In general, hardfacing coatings 

and high temperature Ni base alloys have exhibited better resistance to 

self-welding than the structural materials like austenitic stainless steel and 

2.25Cr-1Mo steel. There is only one study reported on cold-worked 

austenitic stainless steel, SS316. New structural materials like 316LN and 

alloy D9, presently chosen for India’s PFBR have not been studied for 

their susceptibility to self-welding. 

 

 Procedures adopted for testing by different laboratories were 

essentially same i.e. the specimens are pressed against each other at a 

known load and at a fixed temperature for a known duration. In most of 

the cases specimens were stacked one over the other and load was applied 
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vertically. In some of the studies, specimens were arranged horizontally 

and direction of load application was horizontal. 

 

Different laboratories use different parameters to assess the 

susceptibility of the mating surfaces to self-welding. Bendorf [13] defined 

Adhesion Coefficient, H as a parameter to assess self-welding 

susceptibility. Ji Young [18] considered breakaway force of the self-

welded specimen for the same purpose. Norikatsu [16] used self-welding 

coefficient W, defined as ratio of breakaway force to contact force as the 

parameter. Yoshida [18] chose self-welding ratio, which is the ratio of 

number of specimens self-welded to number of specimens tested as the 

parameter. A close look at these parameters reveals that parameter, H 

breakaway force and parameter, W is closely related. However, the 

parameter W normalizes the breakaway force with contact force and is 

found to increase with duration of the test according to the Eqn. 3 ( W
2
 = 

K t).  This makes it suitable for independent verification. 

 

2.2. Scope of research work 

 Reactor core is a critical part which is subjected to extreme 

conditions of high temperature, liquid sodium and nuclear radiation in 

FBRs. To achieve  compactness in core the fuel subassemblies are 

hexagonal in shape and pads are provided in all the six faces of hexagon 

to maintain uniform clearance. Alloy D9, which has higher void swelling 

resistance and irradiation creep resistance than 316LN, the major 

structural material for PFBR, was specially developed and tested as 

material for subassemblies contact pads[10,11]. As cold-work further 

improves resistance to radiation swelling, alloy D9 is 20% cold-worked. 

Literature survey revealed that no data is reported on self-welding of 20% 

cold-worked alloy D9. Hence, an experimental program was planned to 
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study self-welding susceptibility of alloy D9 both in cold-worked and 

annealed conditions in flowing sodium and compare the results with those 

obtained for similar studies carried out on 316LN, the major structural 

material of PFBR.  

 

 The major objective of this study is to find out if self-welding will 

occur between the contact pads of adjacent fuel subassemblies during 

reactor operation. Hence an accelerated test was conducted using 20% 

cold-worked alloy D9 specimens in flowing sodium simulating reactor 

conditions. Eqn. 3 (W = K t 
1/2

 ) was used to determine the contact stress 

for 3 months under accelerated test conditions. Later in the experiment, 

the contact stress and duration were varied to study the self-welding 

behavior of alloy D9 and 316LN steel.  

 

 The research work starts with literature survey. Based on the 

objective, alloy D9 and 316LN are selected for the experimental study. 

Identification of alloy D9 and 316LN rods in annealed condition and 20% 

cold-working of a part of the rods. Machining the specimens from 

annealed and cold-worked condition for the experiment are also in the 

scope of research work. This also includes polishing of specimens and 

measuring the surface finish to the required level.  All safety precautions 

are to be taken care during the operation of the sodium loop for the 

experiment due to high temperature and sodium is a highly reactive 

coolant. Results obtained from these tests also need to be reliable and 

accurate. Design of such a test facility should be such that handling of 

specimens for testing, cleaning and dismantling are easy. Hence, design 

and fabrication of an experimental facility for self-welding in which 

parameters like load, time and material can be varied form part of the 

scope of this work. Similarly design and fabrication of the set up to 
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measure the breakaway force to separate the self-welded specimen is also 

forms part of this work. Finally, metallurgical characterization of the 

material both before and after the self-welding susceptibility tests was 

also covered under this research work.  

 

2.3 Summary 

 All the experiments carried out worldwide for self-welding 

susceptibility in flowing sodium were studied. These studies were  carried 

out in Germany, USA, Japan and Italy. In general, hardfacing coatings 

and high temperature Ni base alloys have exhibited better resistance to 

self-welding than the structural materials like austenitic stainless steel. 

There is only one study reported on cold-worked austenitic stainless steel, 

SS316. New structural materials like 316LN and alloy D9, presently 

chosen for India’s PFBR have not been studied for their susceptibility to 

self-welding. In most of the cases specimens were stacked one over the 

other and load was applied vertically. In some of the studies, specimens 

were arranged horizontally and direction of load application was 

horizontal. 

 

Bendorf [13] defined Adhesion Coefficient, H as a parameter to 

assess self-welding susceptibility. Ji Young [18] considered breakaway 

force of the self-welded specimen for the same purpose. Norikatsu [16] 

used self-welding coefficient W, defined as ratio of breakaway force to 

contact force as the parameter. Yoshida [18] chose self-welding ratio, 

which is the ratio of number of specimens self-welded to number of 

specimens tested as the parameter. A closer look reveals, H breakaway 

force and W the self-welding coefficient are closely related. However, the 

self-welding coefficient W normalizes the breakaway force with contact 
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force and is found to increase with duration of the test according to the 

Eqn. 3 (W
2
 = K t).   

  

 The major objective of this study is to find out whether self-

welding can occur between the contact pads of adjacent fuel 

subassemblies during reactor operation. Hence an accelerated test was 

conducted using 20% cold-worked alloy D9 specimens in flowing sodium 

simulating reactor conditions. Eqn. 3 (W= K t 
1/2

 ) was used to determine 

the contact stress for 3 months under accelerated test conditions. Later in 

the experiment, the contact stress and duration were varied to study the 

self-welding behavior of alloy D9 and 316LN steel 
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3. EXPERIMENTAL PROGRAM 

------------------------------------------------------------------------------------------------- 

3.1 Experimental Plan 

3.1.1  Introduction 

 The experiment involves identification of alloy D9 and 316LN 

material, specimen preparation, design of experimental set up, introduce 

into a sodium system with high temperature flowing sodium, cleaning the 

sodium after the experiment, measurement of shear force of separation of 

the self-welded pairs by designing a set up, and metallurgical studies on 

the tested specimens. The experimental set up is planned such that 5 pairs 

of specimen under self-welding susceptibility study can be assembled 

outside and inserted into a vessel with flowing sodium. The loading of the 

specimen is to be done from outside and maintained during the 

experiment. The sodium purity is also to be maintained throughout the 

experiment. Alloy D9 and 316LN are chosen for the study in annealed 

and cold-worked condition. 316LN is taken as reference material for 

comparison of results.  

 

3.1.2 Material Chemistry 

 The chemical composition of alloy D9 and 316LN austenitic 

stainless steel is shown in Table 3.1. The alloy D9 and 316LN is received 

in solution annealed condition, in which the material is heated to 1323 K 

for 30 minutes and cooled to room temperature in still air. Part of alloy 

D9 and 316LN are subjected to cold-work by reducing the area of cross 

section of the rod by 20% in tensile testing machine. The cold-worked 

specimens for testing are machined from these rods.  
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Table 3.1: Chemical compositions of alloy D9 and 316LN (wt %) [10] 

Material Ni Cr Mo Mn Si Ti C P S N Fe 

Alloy D9 15.07 15.05 2.25 1.51 0.51 0.32 0.05 0.01 0.0025 66 ppm Bal* 

SS 316LN 12 17 2.3 1.6 0.5 0.05 0.03 0.03 0.01 0.06 Bal* 

Bal*- Balance 

3.1.3. Test facility 

 The test facility used for self-welding studies by Sulekh [4] in our 

research centre had the following limitations with respect to the 

requirements of this study. 

• The loading system is bulky and handling is not easy. 

•  The compression load is not accurately measurable 

• After the experiment, removal of the self-welded specimen pairs 

(without breaking) from the test set up was difficult.  

• The specimens were bulky and hence compressive force has to be 

applied in tonnes. 

• O-rings in the nozzles get damaged and leaking during the 

assembly of the specimen and leak tightness is a problem. 

• No arrangement was there to measure breakaway force of self-

welded specimen after the test. 

 

All these drawbacks were overcome in my new design used for the 

study so that handling is simple and easy as shown in Fig. 3.1 [20]. The 

vessel is fully welded type with four number of one inch pipe nozzles 

with flanged end. Load cell with electronic indicator is used to know the 

compressive load. Load is applied with Belleville disc spring.  Specimen 

can be assembled and inserted into sodium test vessel. At a time, four sets 

of specimens can be tested in parallel and independently. The contact 
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stress is increased by reducing the contact area in the cylindrical ring by 

introducing a step at one side of the specimen. The specimens are small 

and can be easily inserted in one inch pipe nozzle. Maximum load applied 

is only 200 kg. After experiment, removal of specimen from test set up is 

easy and self-welded pair remained intact. Thermocouples are fixed in the 

vessel and fully insulated. Sodium level is indicated by level probes and 

argon is used as cover gas above the free sodium level. Initially 1 to 2 mm 

gap is maintained between specimens for sodium to remove the oxides for 

one day. Then specimens were compressed by Belleville spring. A load 

cell is attached to indicate the compression load. Five specimens are 

stacked at a time.  The specimens are machined from alloy D9 and 316LN 

rods in annealed and 20% cold-worked condition as shown in Fig. 3.2 (a).  

The OD is 21.4 mm; ID is 15.8 mm and 15 mm height. In some specimen 

a step is machined on one side (18.8 mm dia and 1.5 mm depth) to 

increase the contact stress at the mating surfaces for the same spring load 

applied at the top. The mating surfaces were polished for a surface finish 

less than 0.5 µm. The roughness average of the surface of the specimen 

was checked with Surface Roughness Tester (Mitutoyo SJ-201). Two 

holes are drilled on the side to facilitate the measurement of the shear 

force required to separate the self-welded pairs. The specimen 

identification mark is engraved on the surface of each specimen. The 

specimen assembly is shown in Fig. 3.2 (b). The specimens under study 

are assembled and the sequence of stacking are recorded before inserting 

into the test vessel. After fixing the specimen assembly in the test vessel, 

leak tightness is checked by pressuring the sodium vessel with argon. 

Then the experiment is conducted as scheduled. 
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Fig. 3.1:  Assembly of specimen in sodium vessel [20] 

  

 

(a) 

 

(b) 

Fig. 3.2: Specimens for self-welding tests [20]  

  

  

sodium

outlet 

Thermocouple 
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     3.1.4. Set up for shear force measurement of self-welded specimen 

After the completion of the test, the specimen assembly is taken out 

from the test vessel, cooled to room temperature and cleaned from sodium 

using alcohol. The contact load is removed in the specimen assembly by 

loosening the Belleville disc spring and the self-welded pair is indentified 

and taken out carefully. The self-welded pair is separated by application 

of shear force. The set up designed for this purpose is as shown in Fig. 3.3 

[21]. It consists of a mechanical vice to hold one of the self-welded 

specimens. Belleville spring is used to give shear force perpendicular to 

the axis of the specimen by gradual tightening of nut at the other end. A 

load cell is used to monitor the applied force. The other specimen is held 

in a split pipe and gripped by vice to avoid bending force. 

 

 

Fig. 3.3:  Set up for breakaway force measurement [21] 

 

3.1.5. Sodium Loop 

 The sodium loop used in this investigation is shown in Fig. 3.4. 

Sodium is heated to 473 K in storage tank and then it is filled in the loop. 

The electromagnetic pump circulates sodium through heater vessel and a 

small flow of about 20% through plugging indicator and cold trap. 

Load Cell 

Specimen 
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Sodium is heated by heater vessel. The plugging indicator indicates 

sodium purity level and cold trap purifies sodium continuously. The 

mixed sodium flow is adjusted such that the sodium entering the test 

vessel is at 823 K and returned to storage tank from where the sodium is 

sucked back to the loop by electromagnetic pump. The sodium used in the 

loop is 99.95% pure (Reactor grade purity). Argon is used as cover gas in 

the vessel above the sodium level. Sodium picks up moisture from argon 

cover gas during the assembly of the experimental set up to form oxides 

and hydrides. These impurities can be removed from sodium by cold trap 

and maintained below 2 ppm (cold point of sodium maintained at 388 K 

in the cold trap). Carbon present in sodium is about 25 ppm. When the 

loop is not in use, sodium is dumped to storage tank and cooled to room 

temperature. Fig. 3.5 shows the specimen in assembled condition and Fig. 

3.6 shows the test vessel and other accessories of sodium loop. 

 

Fig. 3.4: A typical sodium loop [22] 
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Fig. 3.5: Specimen assembly before insertion in sodium vessel. 

 

 

 

Fig. 3.6: Sodium loop used for self-welding studies 

 

3.2 Experimental Program 

3.2.1 Accelerated test for PFBR  

 It is important to ensure that self-welding between the 

subassemblies made of 20% cold-worked alloy D9 do not take place 

during reactor operation in PFBR. Accelerated tests were carried out for 3 
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months and the load level corresponding to the tests of 3 month duration 

were estimated using the equation 3 (W = K t
1/2

) obtained from literature 

survey [16] where ‘W’ is the self-welding coefficient, ‘K’ is a constant 

and ‘t’ is the duration of test. Self-welding coefficient is defined as the 

shear stress for breakaway per unit contact stress (shear force / contact 

force) and is used to compare the self-welding susceptibility of various 

combination of material. Hence instead of testing with contact stress of 

3.3 MPa for 24 months as required in PFBR (Table 1.1), test time is fixed 

as 3 months and the contact stress for accelerated test is calculated as 

given below. 

W24 = K t24 
½
        (4) 

 

  W3 = K t3 
½
          (5) 

where W24 is the self-welding coefficient for 24 months (t24) and W3 is the 

self-welding coefficient for 3 months (t3) and K is the constant. Dividing 

equations 4 by equation 5, the ratio of W24 to W3 is 2.8. Assuming that 

self-welding take place and breakaway shear stress would be same for 

both durations, and then the ratio of contact stress for 3 months and 24 

months becomes 2.8. Hence the contact stress for 3 months is estimated 

as (3.3 x 2.8) 9.4 MPa. Hence the experiments started with 20% cold-

worked alloy D9 specimen with contact stress of 9.4 MPa for 3 months. If 

self-welding does not occur after the test conducted at these test 

parameters, it can be concluded that the contact pads are unlikely to be 

self-welded during the service in PFBR. Later the contact stress is 

increased up to 24.5 MPa and duration up to 9 months to study the 

mechanism of self-welding in alloy D9 and 316LN in annealed and 20% 

cold-worked condition in more detail.  
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3.2.2 Overall Experimental conditions maintained 

 The following are the experimental conditions: 

Sodium temperature  823 K 

Oxide and hydrides impurities < 2 ppm 

Carbon impurity   < 25 ppm 

Contact Stress   9.4 MPa to 24.5 MPa 

Duration     3 or 4.5 or 6 months or 9 months 

Surface finish   < 0.5 µm 

  Material tested   1) annealed and 20% CW alloy D9  

                                                     2) Annealed and 20% CW 316LN  

The tests were carried out round the clock without interruption for 

specific duration. The experimental conditions were recorded every day 

and the contact stress is maintained constantly by the load cell and disc 

spring. The sodium is purified by cold trap continuously, a component in 

sodium loop which removes the oxide and hydride impurities of sodium 

due to surface adhesion by lowering the sodium temperature.  

 

        3.2.3 Experiment carried out  

The sodium loop and test vessel were preheated to 573 K (300 
o
C). 

Sodium is filled in the test vessel at 473 K. The sodium level is indicated 

by level probe. It is ensured that the specimens were immersed in sodium. 

Part of the test vessel above the sodium level is maintained under argon 

atmosphere at a pressure higher than the atmosphere. With additional 

surface heater provided in the vessel the sodium temperature could be 

raised to 823 K during the experiment. 

 

When the specimens were assembled in the test vessel, 1 to 2 mm 

gap is provided between the specimens. This will help in free flow of 

sodium over the mating surfaces. The pure sodium (reactor grade) 
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removes the oxide layer over the mating surface and exposes clean metal. 

On loading the specimen after 24 hours, metal to metal contact takes 

place and sodium temperature is raised to 823 K and specimen assembly 

is loaded to the predetermined load so that the mating surfaces are in 

contact at the desired stress level.  

 

A load cell connected to the mechanism indicates the load applied. 

The load is set for pre-determined contact stress in the experiment based 

on the area of contact. The load cell also indicates the load during the 

experiment and periodically the load is checked and corrected for any 

variation. Fig. 3.7 shows the control room and Fig. 3.8 and 3.9 show the 

specimen being inserted in the test vessel for fixing. 

 

 

Fig. 3.7: Control Room for self-welding studies 

  

 3.2.4.  Cleaning of specimens  

 After the completion of experiment the sodium temperature is 

reduced to 473 K and dumped in storage tank. The test vessel is cooled to 

room temperature and specimen assembly was taken out. Figure 3.10 

shows the specimen with sodium deposit. Sodium is cleaned using 

alcohol. The specimen assembly is dipped in an alcohol container. 
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Fig. 3.8:  Specimen assembly inserted in sodium test vessel 

 

 

Fig. 3.9: Sodium test vessel with specimen assembly 

 

 The sodium reacts with alcohol raising the alcohol temperature. The 

alcohol temperature is to be controlled to room temperature to avoid 

catching fire. Figure 3.11 shows the sodium cleaning process. After all 

the sodium has reacted with alcohol the loading is released and specimens 

are taken out carefully to avoid break in self-weld developed in the 
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experiment. Finally specimens are cleaned in water and dried. Figure 3.12 

shows the specimens after testing and removing of sodium. 

 

3.2.5 Measurement the shear force 

If the specimens are self-welded after the test, they are separated by 

measuring the shear force using the experimental set up shown in Fig. 3.3 

where one of the self-welded pair is held in the mechanical vice and other 

is connected to load cell and bolt nut mechanism. As the nut is tightened, 

the shear force applied is noted from the indicator. The shear force 

applied to the self-welded specimen pair is gradually increased till the 

specimens are separated and the load at which this occurs is noted as 

shear force to break the self-welding of the specimen pair. It should be 

noted that the specimen pair are taken out from sodium vessel removing 

all loadings, cooled to room temperature, cleaned from sodium and then 

only shear force measurement is made. Care is taken to avoid any 

bending force during separation of self-welded pair. 

 

Fig. 3.10: Specimen assembly with sodium deposits after taking out 

from the vessel 
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Fig. 3.11:  Specimen inserted in alcohol vessel to remove sodium 

 

 

 

Fig. 3.12: Specimen cleaned from sodium ready for dismantling 

 

3.2.6 Care for safety and accuracy 

 To get the best results from the experiment, extreme care is taken 
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throughout the experiment. The dimensions were checked after 

machining for each of the specimens and noted. The mating surfaces of 

the specimens were polished (abrading under water using progressively 

finer silicon carbide paper) to ensure surface roughness is uniform and 

maintained below 0.5 µm. The load cell and its indicator of the test vessel 

were calibrated against known load. Similarly the load cell and indicator 

used for shear force measurement of self-welded pairs were also 

calibrated. The nozzles of the test vessel were numbered and record of 

specimen assembly in each nozzle along with its test conditions is noted. 

The oxide impurity in sodium is maintained below 2 ppm throughout the 

experiment by cold trapping (cold point maintained at 388 K). The 

sodium temperature is controlled to 823 ±1K. 

 

3.2.7 Examinations carried out  

 The surface of the self-welded specimens were examined by 

Scanning Electron Microscope (SEM) and various elements present on 

surface were identified using Energy Dispersive X-ray Spectroscopy 

(EDS) attached with the SEM. Microstructure and hardness of the 

specimens after testing  were compared with those before the testing. 

Auger electron spectroscopy (AES) is carried out on selected surface to 

check for carburization of the specimens from flowing sodium during the 

test.  A small piece is cut from the specimen as shown in Fig. 3.13 for 

metallographic analysis. The line AB represents the thickness of the 

specimen. Points C and D represent the point of contact with adjacent 

specimen and E is not experiencing any contact stress because of step 

provided in the specimen. Micro hardness profile was taken at location C, 

D and E marked in the cut specimen along the length of the specimen 

perpendicular to AB. 
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Fig. 3.13: Cut section of self-welded 20% cold-worked specimen for 

metallographic analysis 

 

3.3 Summary 

 Alloy D9 and 316LN are chosen for the experiment in annealed 

and cold-worked condition. 316LN is taken as reference material. The 

specimens are hollow rings so that they can be stacked one over other and 

compressed. The specimens after assembly will be inserted into a sodium 

vessel where sodium circulation is maintained with online purification 

using cold trap and plugging indicator. After the experiment, the 

specimen assembly is taken out and cleaned from sodium. A set up was 

designed to measure the shear force required for separation of the self-

welded pairs. The self-welded specimen was further subjected to 

metallurgical studies like SEM, EDS, AES, microstructure and hardness 

measurement. To get the best results from the experiment, extreme care 

was taken throughout the experiment. 
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4. RESULTS AND DISCUSSION 

-------------------------------------------------------------------------------------=----------- 

4.1. Microstructure and hardness of the materials tested 

 Microstructure of the specimens before testing was recorded after 

electrolytically etching the specimens using 10% oxalic acid. The 

micrographs of the specimens are shown in Fig. 4.1. Hardness 

measurements of these specimens were carried out using Vickers 

hardness tester and the results are listed in Table 4.1. There is a clear 

difference in the microstructure and hardness between the annealed and 

cold-worked samples. Twin density is substantially high after cold-work. 

Hardness increases by more than 100 VHN (Vickers Hardness Number) 

in both the steels after 20% cold-work. 

 

  

Annealed 316LN 20%Cold-worked 316LN 

  

Annealed D9 20% Cold-worked alloy D9 

Fig. 4.1: Microstructure specimens before self-welding susceptibility 

studies in flowing sodium at 823 K 
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Table 4.1:  Bulk Hardness (VHN) before self-welding tests 

Material Hardness (VHN) 

Annealed D9 134±1 

20%cold-worked D9 238±1 

Annealed 316LN 145±1 

20%cold-worked  316LN 265±1 

  

 4.2. Self-welding susceptibility results 

 The accelerated test for self-welding susceptibility of PFBR contact 

pad indicated no self-welding in the 20% cold-worked alloy D9 

specimens tested with 9.4 MPa contact stress for 3 months in flowing 

sodium at 823 K. Hence it can be concluded that self-welding will not 

take place in the contact pads of fuel subassemblies of PFBR. To study 

self-welding susceptibility further in 20% cold-worked alloy D9, tests 

were continued for 6 months at 9.4 MPa and 9 months with increased 

contact stress of 12 MPa. Results showed that self-welding has occurred 

in 6 and 9 months tests of 20% cold-worked alloy D9. One test is 

conducted in 20% cold-worked alloy D9 with a contact of 24.5 MPa and 

duration of 4.5 months and self-welding is observed in this test also. 

From the results, it can be concluded that self-welding takes place in 20% 

cold-worked alloy D9 under prolonged duration or at higher contact 

stress. The number of pairs self-welded in each test for cold-worked alloy 

D9 and their breakaway forces are shown in Table 4.2. 
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Table 4.2: Results of self-welding tests of alloy D9 in sodium at 823 K 

Material 

Combination 

Dwell 

Time 

t  

(months) 

Contact 

force 

(N) 

Contact 

area 

( mm 
2 

) 

Contact 

pressure 

(MPa) 

Self- 

welding 

behaviour 

No. 

of 

pairs 

tested 

No. 

of 

pairs 

self- 

welded 

shear 

force 

(N) 

Self- 

welding 

coefficient 

(shear 

force/ 

contact 

force)W 

t1/2 

 

20%CW* D9 

and 

20%CW* D9 

3 

(2160 h) 
1566 166.5 9.4 

No  

self- 

welding 

2 Nil 0 0 46.4 

 

20%CW* D9 

and 

20%CW* D9 

4.5 

(3240 h) 
2000 81.6 24.5 

Self- 

welded 
3 1 182 0.1 56.9 

 

20%CW* D9 

and 

20%CW* D9 

6 

(4320 h) 
1566 166.5 9.4 

Self- 

welded 
2 1 202 0.13 65.7 

 

20%CW* D9 

and 

20%CW* D9 

9 

(6480 h) 
2000 166.5 12 

Self- 

welded 
4 2 

330, 

252 

0.16, 

0.13 
80.5 

 

 

 

          

 

Annealed D9 

and 

annealed D9 

3 

(2160 h) 
1566 166.5 9.4 

No Self-

welding 
1 Nil 0 0 46.4 

 

Annealed D9 

and 

annealed D9 

4.5 

(3240 h) 
2000 81.6 24.5 

No Self-

welding 
3 Nil 0 0 56.9 

 

Annealed D9 

and 

annealed D9 

6 

(4320 h) 
1566 166.5 9.4 

No Self-

welding 
1 Nil 0 0 65.7 

CW*-cold-worked 
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Table 4.3: Results of self-welding tests of 316LN in sodium at 823 K 

Material 

Combination 

Dwell 

Time 

t  

(months) 

Contact 

force 

(N) 

Contact 

area 

( mm 2 ) 

Contact 

pressure 

(MPa) 

Self- 

welding 

behaviour 

No. 

of 

pairs 

tested 

No. 

of 

pairs 

self- 

welded 

shear 

force 

(N) 

Self- 

welding 

coefficient 

W 

(shear/ 

contact 

force) 

t
1/2

 

 

20%CW* 

316LN  

and 

20%CW* 

316LN 

3 

(2160 h) 
2000 81.6 24.5 

Self- 

welded 
3 1 117 0.06 46.4 

 

20%CW* 

316LN  

and 

20%CW* 

316LN 

4.5 

(3240 h) 
2000 81.6 24.5 

Self- 

welded 
4 1 160 0.08 56.9 

   

 

 

 

       

 

Annealed 

316LN  

and 

annealed 

316LN 

3 

(2160 h) 
2000 166.5 12 

Self- 

welded 
4 3 

382, 

382, 

637 

0.19, 

0.19, 

0.32 

46.4 

 cw*-cold-worked 
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 Table 4.2 also contains results of the tests conducted for annealed 

alloy D9. In contrast to what is observed for cold-worked alloy, annealed 

alloy D9 exhibited remarkable resistance to self-welding. Specimens 

prepared from the annealed alloy D9 were also tested for 3 months at 9.4 

MPa, 4.5 months at 24.5 MPa and 6 months at 9.4 MPa similar to the 

tests conducted for 20% cold-worked alloy D9. Results indicate that no 

self-welding has taken place. Hence it is concluded that annealed alloy 

D9 is resistant to self-welding. 

 

  Four pair of annealed 316LN specimens were subjected to 12 MPa 

contact pressure for a period of 3 months in flowing sodium at 823 K. It 

was found that 3 pairs got self-welded. The results were in line with that 

of annealed 304 and 321 reported by Yokota [16]. 20% cold-worked 

316LN specimens tested for 3 months and 4.5 months at contact pressure 

of 24.5 MPa in flowing sodium at 823 K also got self-welded. The results 

are shown in Table 4.3. 

 

 On examinations of the test specimens it is found that self-welding 

occurred only on few locations on the surface and not over the entire 

mating surface. Hence the actual contact area will be less as the 

specimens were in contact only in the asperities of the mating surface. 

However for comparing with different combinations of testing, the 

contact stress in the experiment is estimated assuming 100% contact 

between the two mating surfaces.  

 

 Though the specimens of same material combinations were tested 

under same experimental conditions, all the pairs did not self-weld 

equally. This is due to variations in the actual contact area at the asperities 

of the mating surfaces of the specimens during loading. The pair with 
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relatively minimum contact area at the asperities of the mating surfaces 

experiences high contact stress gets self-welded easily.  

 

 4.3. Variation of self-welding coefficient with time 

 The linear relation between self-welding coefficient and square 

root of the duration of test is first reported by Yokata [16] and results of 

our tests carried out using annealed and cold-worked 316LN and alloy D9 

also confirm validity of this relation as shown in Fig. 4.2. The results 

reported for annealed 304/321 by Yukota [16] and annealed 316LN from 

the present study fall in the same line in the figure. Hence it is believed 

that annealed 304/321/316LN have similar self-welding susceptibility in 

high temperature sodium. Similarly the experimental data for 20% cold-

worked D9 and 20% cold-worked 316LN also follow the linear relation 

between self-welding coefficient and square root of the duration of test. 

Hence it can be stated that the linear relationship proposed by Yukota is 

valid even for cold-worked material. It is also noted that annealed 316LN 

shows least resistance to self-welding and annealed alloy D9 do not self-

weld in the range of stress levels and durations studied. However, cold-

working makes alloy D9 susceptible to self-welding and under same test 

conditions. In contrast, cold-working seems to reduce the susceptibility of 

316LN to self-welding in flowing sodium.  
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Fig. 4.2: Self-welding susceptibility of D9 and 316LN sodium at 823 K 

 

 Increase in breakaway force of self-welded specimens with 

increase in duration of testing can be explained as follows. Initially, the 

actual contact area at the asperities (higher in size) is less. As the duration 

of the test increases, deformation at the asperities increases the true area 

of contact of mating surfaces and also makes additional asperities (lower 

in size) on either specimen surfaces come in contact facilitating self-

welding in more areas. Thus with increase in test duration, the breakaway 

shear stress required to separate the self-welded surfaces also increases.

  

  

4.4. Empirical relation  

 From the results obtained from the experiments, empirical relation 

between self-welding coefficient W and duration t were established for 

alloy D9 and 316LN as follows: 

  W = 0.0067 t 
1/2 

  for annealed 316LN                  (6) 

Annealed 304/321*/ 

316LN 

20% CW D9  

Annealed D9  

20% CW 316LN 

*Two Data taken from [16] 
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  W = 0.0013 t 
1/2 

  for 20% cold-worked 316LN    (7) 

  W = 0.0            for annealed alloy D9           (8) 

  W = 0.0020 t 
1/2 

  for 20% cold-worked alloy D9 (9) 

These relations can be used to predict whether the self-welding of the 

mating surfaces of various components in the rector can occur it their life 

time. 

 

4.5 Surface damage due to self-welding 

 The surface of the self-welded specimens is examined by SEM. 

Fig. 4.3 shows a typical surface damage caused by self-welding in 20% 

cold-worked alloy D9 after testing for 6 months at 9.4 MPa in flowing 

sodium at 823 K (550°C). Surface damage observed in 20% cold-worked 

alloy D9 after the test of duration 4.5 months at contact stress of 24.5 

MPa is shown in Fig. 4.4. 

 

Fig. 4.3: SEM micrograph showing surface damage in self-welded 

region of a 20% cold-worked alloy D9 after testing for 6 months at 

9.4 MPa in flowing sodium at 823 K 

 

   In contrast no damage is observed in the annealed alloy D9 tested 

for identical conditions (Fig. 4.5). Machine marks on the specimen 

remain more or less intact even after the test. For 316LN steel, the surface 
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damage is more severe in the case of annealed steel tested for duration of 

3 months at contact stress 12 MPa than in the case of 20% cold-worked 

material tested for 3 months at higher contact stress of 24.5 MPa as 

shown in Fig. 4.6 and 4.7 respectively.   

  

 

Fig. 4.4: SEM micrograph 20% cold-worked alloy D9 after 4.5 

months in flowing sodium at 823 K with contact pressure 24.5 MPa 

 

 

Fig. 4.5: SEM micrograph of annealed alloy D9 after 4.5 months in 

flowing sodium at 823 K with contact pressure 24.5 MPa 
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Fig. 4.6: SEM micrograph annealed 316LN after 3 months in flowing 

sodium at 823 K with contact pressure 12 MPa 

 

 

 

Fig. 4.7: SEM micrograph of 20% cold-worked 316LN after 3 

months in flowing sodium at 823 K with contact pressure 24.5 MPa 

 

4.6. Elemental analysis by Energy Disperse X-Ray Spectroscopy 

(EDS) 

 Though the specimens were cleaned from sodium after the test, 

some traces of sodium will be left behind on the surface of specimen. If a 

particular point is self-welded no sodium trace will be seen in EDS as this 
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will be fresh surface produced during separation of the self-welded 

specimen, an operation carried out in air after the complete removal of the 

sodium.  Accordingly EDS did not show sodium on annealed 316LN 

tested for 3 months indicating self-welding in this location as shown in 

Fig. 4.8. Presence of sodium in 20% cold-worked alloy D9 specimen 

tested for 3 months supports the observation that no self-welding at the 

location as shown in Fig. 4.9.  

   

 

Fig. 4.8: Elemental counts by EDS in the self-welded region of 

annealed 316LN after testing for 3 months in flowing sodium at 823 

K 
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Fig. 4.9: Elemental counts by EDS in the 20% cold-worked alloy D9 

after testing for 3 months in flowing sodium at 823 K 

 

4.7. Microstructure and Hardness after self-welding susceptibility 

test 

 The microstructures of the specimens after self-welding tests are 

shown in Fig. 4.10. Comparing with the microstructure of the specimens 

before self-welding tests (Fig. 4.1) it is found that high twin density 

observed in cold-worked specimen before test has come down 

substantially after the test.  

 

  

Annealed 316LN after 3 

months 

20% cold-worked 316LN 

after 4.5 months 
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Annealed D9 after 4.5 

months 

20% cold-worked alloy D9 

after 4.5 months 

 

Fig. 4.10: Microstructure specimens after self-welding susceptibility 

studies in flowing sodium at 823 K 

 

Table 4.4: Bulk Hardness (VHN) before and after self-welding tests 

Material Before test 
After 3 months 

test 

After 4.5 

months test 

Annealed D9 134±1 152±1 200±1 

20%cold-worked 

D9 
238±1 246±1 258±1 

Annealed 316LN 145±1 133±1 - 

20%cold-worked 

316LN 
265±1 263±1 259±1 

  

 Hardness of the specimens is measured before and after the test 

using Vickers hardness tester and results are shown in Table 4.4. It 

appears that 316LN showed a slight decrease in hardness after the test 

whereas alloy D9 showed slight increase in hardness after test. These 

results are in agreement with the results reported [23] in literature that 

temperature of 823 K (550°C) is not sufficient for recrystallisation of the 

cold-worked microstructure of these steels and prolonged exposure of the 
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cold-worked alloy at this temperature  did not result in any hardness 

change.  

 

 

Fig. 4.11: Microstructure taken perpendicular to the mating surface 

(just below) of annealed alloy D9 specimen, after testing for 3 months 

in flowing sodium at 823 K 

 

 

Fig. 4.12: Microstructure taken perpendicular to the mating surface 

(just below) of 20% cold-worked alloy D9 specimen, after testing for 

3 months in flowing sodium at 823 K 

 A careful comparison of the microstructure close to the surface and 

away from it for specimens examined after completion of the test 

revealed that the grain boundaries are thicker near the surface. This is 
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shown in Fig. 4.11 and 4.12 for annealed and 20% cold-worked alloy D9 

respectively. This could be attributed to precipitation of carbides along 

the grain boundaries and the possible reason for this could be higher 

carbon content near the surface than away from it which in turn could be 

due to pick up of carbon from the sodium. If so, carbon content in the 

sodium exposed specimens near the surface shall be higher than that of 

the material which is not exposed to sodium.  This is confirmed by the 

Auger electron spectroscopy (AES) carried out on alloy D9 specimens, 

results of which is shown in Fig. 4.13.  It is found that there is an increase 

in carbon peak C indicating carburisation on the surface of specimens 

which were exposed to flowing sodium during the self-welding 

susceptibility test. Further, as seen from the microstructures shown in Fig.  

4.11 and Fig. 4.12, carburization is more in annealed alloy D9 than in 

cold-worked alloy D9.   

 

 Microstructure of 20% cold-worked alloy D9 is examined under 

SEM to find out whether there is any change in the microstructure on that 

part of the specimen surface which is in contact with mating surface of 

the other specimen and the remaining part of the surface which is exposed 

to flowing sodium throughout the test.  Figure 4.14 shows SEM 

micrographs of  the specimen surface at locations C (which is in contact 

with mating surface of the other specimen) and E (which is not in contact 

with any other specimen). 



 

 

Self-welding susceptibility of alloy D9 and 316LN Page 65 

 

Fig. 4.13: AES spectra of reference D9, annealed D9 and 20% cold-

worked D9 samples taken from 3 months tests 

  

  

(a) SEM micrograph at 

point C which is under 

direct load 

(b) SEM micrograph at 

point E which is not under 

load 

 

Fig. 4.14: SEM micrograph of 20%cold-worked specimen after 4.5 

months at 823 K in flowing sodium at 24.5 MPa contact pressure. 
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There is no change in carbide distribution observed along the grain 

boundaries at both these locations. Hence it is concluded that carbon pick 

up at the specimen surface is uniform and is not affected by the contact of 

the specimens at the mating surface. 

 

4.8. Dynamic recrystallisation in cold-worked alloy D9 

 As the annealed alloy D9 is not susceptible to self-welding, the 

cold-worked alloy D9 with its higher hardness is expected to have 

maximum resistance to self-welding. However, results obtained are not in 

agreement with this. Microstructure of the materials at the location of 

self-welding is compared with similar location of the specimen where 

there is no self-welding. For this purpose metallographic samples were 

extracted from the self-welded test specimens as described in Fig. 3.13. In 

this sample, location marked C and D are in direct contact with test 

specimen and thus experiencing direct loading and higher stress during 

the self-welding susceptibility test. The location marked C corresponds to 

the location of self-welding. Location E is not in contact with specimen 

and does not experience direct loading and thus it is not under stress.  

Microstructures of the specimen at location C and E for cold-worked 

alloy D9 are shown in Fig. 4.15(a). Below the location C (self-welded) 

significant recrystallisation of the cold-worked structure has taken place 

for several microns depth in cold-worked alloy D9. At location E for 

cold-worked alloy D9 there is no recrystallisation. Since only the stressed 

point C is self-welded in high temperature flowing sodium, reason for 

self-welding is attributed to dynamic recrystallisation taking place on 

cold-worked alloy D9.  

 

 In contrast, in cold-worked 316LN no such recrystallisation is 

observed at C or E as shown in Fig. 4.15(b). No change in microstructure 
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is observed with distance from the location of self-welding along the 

depth. This indicates that there is no dynamic recrystallisation in cold-

worked 316LN.  This could be the reason for better resistance of cold-

worked 316LN to self-welding than for the cold-worked alloy D9.  

 

  

At location C At location E 

Fig. 4.15 (a): Microstructure just below the location of self-welding 

for of 20%cold-worked alloy D9 after 4.5 months in 823 K flowing 

sodium at 24.5 MPa contact pressure 
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Fig. 4.15 (b): Microstructure just below the location of self-welding 

for of 20%cold-worked 316LN after 4.5 months in 823 K flowing 

sodium at 24.5 MPa contact pressure 

 

 

Table 4.5: Hardness (VHN) of 20% cold-worked alloy D9 after 4.5 

months test along the depth of specimen 

 Hardness (VHN) of 20% cold-worked alloy D9 

Depth 

(mm) 

At point C  

(Direct 

loading) 

At point E 

(No direct 

loading) 

At point D 

(Direct loading) 

0.2 234 291 210 

0.4 217 265 214 

0.6 238 278 207 

0.8 223 259 187 

1 204 242 196 
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Table 4.6: Hardness (VHN) of 20% cold-worked 316LN after 4.5 

months test along the depth of specimen 

 Hardness (VHN) of 20% cold-worked 316LN 

Depth 

(mm) 

At point C  

(Direct 

loading )  

At point E  

(No direct 

loading)  

At point D 

(Direct 

loading) 

0.2 263 257 250 

0.4 254 258 252 

0.6 255 275 265 

0.8 263 272 261 

1 265 253 259 

 

 Microstructural change observed is also in line with hardness 

variations at locations C, D and E as measured using micro hardness 

tester, which are shown for cold-worked alloy D9  and cold-worked  

316LN in Tables 4.5 and 4.6 respectively. It is clear that hardness for a 

depth of 1mm just below at location C and D is much lower than that at 

location E for the cold-worked alloy D9 (Table 4.5). At location C it is in 

the range of 200-240 VHN, at D it is in the range of 190- 215 and at E, it 

is in the range of 240-290. Hardness measured at location below E is 

close to the bulk hardness of 258 VHN for cold-worked alloy D9 reported 

in Table 4.4.  In contrast, there is no specific change in hardness for 

locations C, D, E for cold-worked 316LN. For all the three locations, 

hardness measured are in a narrow range of 250-275 VHN [Table 4.6] 

which conforms to bulk hardness of 259 VHN reported for cold-worked 

316LN after the test (Table 4.4). 

 

 From the results presented above, it can be concluded that dynamic 

recrystallisation that take place in cold-worked alloy D9 just below the 

mating surface is the reason for higher susceptibility to self-welding than 
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the cold-worked 316LN. The reason for proposing this as dynamic 

recrystallisation is that it takes place when both stress and temperature act 

together.  Hardness and microstructural changes are also confined only to 

the location just below the stressed part of the surfaces where self-

welding had taken place. In the case of normal recovery and 

recrystallisation, hardness reduction and microstructural changes should 

have taken place throughout the test specimens. Further, recovery and 

recrystallisation studies carried out on alloy D9 at different temperatures 

indicate recrystallisation does not take place in the cold-worked alloy D9 

at 823 K, the temperature of testing in the present study [23]. It should 

also be noted that though the nominal stress applied for self-welding 

susceptibility is low (24.5 MPa), the actual stress at the points of contacts 

of the mating surfaces (asperities present on the surfaces) would be high 

enough for dynamic recrystallisation to occur.   

 

4.9. Precipitation of TiC in cold-worked alloy D9 

 Though alloy D9 and 316LN are austenitic stainless steels with 

almost similar composition, results presented here indicate that there is a 

significant change in the dynamic recrystallisation behavior of these two 

steels subjected to identical cold-work. Hence, literature available on 

recrystallisation behavior of alloy D9 is critically reviewed and it is found 

that recrystallisation in alloy D9 is influenced by presence of coarse TiC 

particles [24].  Ti is an alloying element only in alloy D9 and not in 

316LN and composition of the alloy D9 is designed not to have coarse 

carbides in the steel in solution annealed and cold-worked condition. 

Only during high temperature exposure in service fine TiC are expected 

to be precipitated in this steel. Prolonged exposure of alloy D9 to flowing 

sodium results in pickup of carbon from liquid sodium and this facilitate 

the precipitation of TiC at locations close to the surface. Subsequent to 
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coarsening of these precipitates, dynamic recrystallisation of cold-worked 

alloy D9 under stress can begin in the interface.  Dynamic 

recrystallisation allows diffusion of atoms across the mating surfaces and 

as a result self-welding of the mating surfaces takes place.  

 

 To support this argument, it is necessary to show the presence 

coarse TiC among the carbides precipitated along the grain boundaries in 

the recrystallised zone of the specimen.  To prove this in the present 

study, SEM-EDS analysis is carried out on the metallographic sample 

extracted from the cold-worked alloy D9 specimen, from the location 

corresponding to C in Fig 3.13, where self-welding is observed after the 

test. Figure 4.16 shows the SEM micrograph along with EDS spectra 

from two grain boundary carbides marked M and N in the micrograph. 

The precipitate marked M, which appears to be fairly coarse and few 

microns in size is rich in Ti indicating this is TiC. This means coarse TiC 

can be formed in alloy D9 surface due to pickup of carbon by the steel 

from flowing liquid sodium. These carbides can in turn facilitate dynamic 

recrystallisation of the cold-worked structure at the locations where the 

mating surfaces are under stress leading to self-welding of the surfaces at 

these locations. 

 

 

4.10. Conditions favoring self-welding in cold-worked alloy D9 

  Thus, based on the facts that Ti is an alloying element present only 

in alloy D9, carburization of the cold-worked alloy D9 surface by flowing 

sodium can lead to precipitation of TiC at grain boundaries and coarse 

TiC precipitates can accelerate dynamic recrystallisation in cold-worked  

alloy D9 under stress, and thus self-welding in 20% cold-worked alloy 

D9. In annealed D9 there is no recrystallisation of cold-worked 
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microstructure and hence, carburization of the surface by flowing sodium 

alone does not facilitate self-welding and hence it is resistant to self-

welding.  

 

 As already stated, it is unlikely that TiC precipitates would be 

present in the alloy before the start of the test as it is in the solution 

annealed and subsequently cold-worked condition. It is formed while test 

is in progress and dynamic recrystallisation is expected to take place only 

after these precipitates are formed in the alloy. This would mean there 

could be an incubation time for self-welding to occur. In this context it 

may be noted that 20% cold-worked alloy D9 did not self-weld in the test 

durations of 3 months. Microstructural examination of the 3 months 

sample also did not reveal any evidence of dynamic recrystallisation, as 

coarse TiC is not available to facilitate dynamic crystallization in the 

short duration test.  
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At Location M 

 

At Location N 

 

Fig. 4.16:  SEM-EDS of 20% cold-worked alloy D9 after 4.5 months 

in 823 K flowing sodium at 24.5 MPa contact pressure 

 

 Another important aspect is the role of carburization of the alloy 

D9 by flowing sodium. If carbon in liquid sodium can be reduced further 

(from the present 25 ppm), then carburization of the specimen surface by 

N 

M 
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flowing sodium may not take place and this also can indirectly prevent 

self-welding.  

 

4.11 Summary 

The self-welded specimen pairs are separated by a set up to 

measure the shear force. The tested specimens were later analyzed for 

self-welding using self-welding coefficient, SEM, EDS, Microstructure 

Macro and Micro hardness results. Empirical relations were derived for 

alloy D9 and 316LN in annealed and cold-worked condition. The SEM 

micrographs were presented showing the surface damage in all cases 

tested. The results indicated that the self-welding tendency is more in 

annealed 316LN than in 20% cold-worked 316LN which is on the 

expected line. On the contrary, 20% cold-worked alloy D9 showed more 

self-welding tendency and the annealed alloy D9 showed no self-welding. 

On analysis it was found that dynamic recrystallisation favoured self-

welding tendency in 20% cold-worked alloy D9 and there was no 

dynamic recrystallisation in annealed alloy D9. The carburisation of alloy 

D9 in sodium resulted in the formation of TiC precipitates at the grain 

boundary near the surface which accelerated the dynamic recrystallisation 

in 20% cold-worked alloy D9. Thus 20% cold-worked alloy D9 was 

found to be more susceptible for self-welding in flowing sodium. It was 

also determined that for PFBR conditions, self-welding will not occur in 

20% cold-worked alloy D9 contact pads of the subassemblies during its 

operation. 
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5. CONCLUSIONS 

------------------------------------------------------------------------------------ 

5.1.  Conclusions 

 Following are the major conclusions drawn from the study carried 

out on self-welding susceptibility for two austenitic stainless steels, alloy 

D9 and 316LN both in annealed and 20% cold-worked condition   in 

flowing sodium: 

• The accelerated test confirmed that self-welding of the fuel subassembly 

contact pads is unlikely to take place during the life time of the 

subassemblies in PFBR. 

• The cold-worked alloy D9 is more susceptible to self-welding than cold-

worked 316LN in flowing sodium at 823 K.  

• Susceptibility of annealed 316LN steel is similar to that reported for other 

austenitic stainless steels like 321 and 304. However annealed alloy D9 

did not show self-welding in flowing sodium for the stress levels, 

temperature and duration studied.  

• High self-welding susceptibility of 20% cold-worked alloy D9 in flowing 

sodium is attributed to dynamic recrystallisation of the cold-worked 

structure in the presence of the applied stress. The dynamic 

recrystallisation is also accelerated by coarse TiC formed during testing 

due to pick up of carbon (present as impurity) from the flowing sodium.  

• Dynamic recrystallisation is not observed in cold-worked 316LN 

specimens under these conditions of testing. 

 

5.2. Scope for future work 

 5.2.1. Long term tests for PFBR contact pads 

The results of this study indicate that self-welding of cold-worked 

alloy D9 specimens is assisted by dynamic recrystallisation, which is in 

turn linked to presence of coarse TiC precipitates at the location of self-
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welding. Formation of TiC in the steel is linked to carbon pick up from 

the flowing sodium and this is a time dependent phenomena. Hence, there 

could be a time threshold below which self-welding does not occur. 

Hence, there is a need to carryout tests for longer duration and at lower 

stress levels than those employed in the present study to confirm our 

observation that self-welding is unlikely to take place in the contact pads 

of fuel subassemblies of the PFBR during their resident time in the 

reactor.  

 

5.2.2. Self-welding tests in sodium with low carbon 

Results of this study indicated that carbon pick up from flowing 

sodium has significant role in the observed susceptibility of cold-worked 

alloy D9 to self-welding. If the carbon content in the liquid sodium is 

reduced below than that is present in the sodium (25 ppm) in the present 

study, it should be possible to minimize the risk of self-welding. This can 

be confirmed by carrying out the tests in sodium with lower carbon 

content thus establishing the maximum permissible carbon content in 

liquid sodium to avoid the risk of self-welding for 20% cold-worked alloy 

D9.   
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