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Abstract 

Nuclear power plants require dissimilar metal weld joints to connect the primary steam generator made from ferritic steel to the 
intermediate heat exchanger made from austenitic steel. Such joints are complex because of the mismatch in the thermal and the 
mechanical properties of the materials used in the joint. Electron Beam (EB) welding is emerging as a promising technique to 
manufacture dissimilar joints providing a great many advantages over conventional welding techniques, in terms of low heat 
input, high heat intensity, narrow fusion and heat affected zones, deeper penetration and increased welding speeds. However 
before this method can be considered for implementation in an actual plant, it is essential for a careful and a comprehensive 
outlining of the joint characteristics and the apparent effects on performance during service. In the present study, an EB welded 
joint was manufactured using austenitic AISI 316LN stainless steel and a ferritic-martensitic P91 steel, without the addition of 
filler material. Neutron diffraction measurement was conducted on the welded plate to measure the residual stress distribution 
across the weld as well as through the thickness of the plate. A finite element analysis was conducted on a two-dimensional 
cross-sectional model using ABAQUS code to simulate the welding process and predict the residual stresses, implementing the 
effects of solid-state phase transformation experienced by P91 steel. The predicted residual stresses were transferred to a 3D 
finite element model of the plate to simulate the machining and extraction of a C(T) blank specimen from the welded plate and 
the extent of stress relaxation is studied. 
 
Keywords: Residual stresses; Stress relaxation; neutron diffraction; finite element modelling; electron beam welding; dissimilar metal. 

1. Introduction 

The Prototype Fast Breeder Reactor (PFBR) is a 500 MWe sodium-cooled fast breeder nuclear reactor presently 
being constructed in Kalpakkam, India [1]. The Indira Gandhi Centre for Atomic Research (IGCAR) is responsible 
for the design of this reactor. The cooling system of the reactor uses liquid sodium and requires additional safety 
measures to isolate the coolant from environment. The steam generator, made of modified 91steel, is connected to 
the intermediate heat exchanger, made of AISI 316LN stainless steel with a dissimilar metal weld. The schematic of 
the rector system is shown in Fig 1(a) and the steam generator with the dissimilar metal weld in Fig 1(b). Currently 
the dissimilar metal weld is a tri-metallic transition joint and uses a multi-pass Tungsten Inert Gas (TIG) welding. 
The complex design of the joint was necessary to minimise thermal stresses. The arrangement of the welded joint is 
shown in Fig 2(a) [2].ER16-8-2 is a filler material with 16% Cr 8% Ni and 2% Mo, used for high temperature 
austenitic stainless steels. Alloy 800is an Inconel alloy with very good creep rupture properties above600 °C. 
Inconel 182 is an electrode used in dissimilar metal welds of stainless steels joined to carbon steels. 

Experience with dissimilar metal weld joints has shown that a considerable number of failures occurred at a very 
early stage in service than expected, especially in power plants [3]. An extensive failure analysis was carried out at 
IGCAR on dissimilar metal welds between 2.25Cr-1Mo ferritic steel and AISI type 316stainless steel with and 
without Inconel-82 buttering using the non-destructive X-ray diffraction (XRD) technique and to assess the 
effectiveness of the buttering on the extent of reduction in the residual stress [4]. Various earlier studies that 
characterise residual stresses in dissimilar metal welds using conventional welding process are available in the 
literature [3, 5–9]. 
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(a) Schematic of the prototype fast breeder reactor 
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(b) Schematic of the steam generator and the dissimilar metal weld 

Fig. 1. Typical heat transport system in fast breeder reactor [1]. 

 

 

(a) Trimetallic joint with filler material 

 

(b) EB welded joint without any filler material 

Fig. 2. Schematic of the existing trimetallic joint and the proposed EB joint [1]. 
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To avoid the complex design, it is proposed that the two dissimilar metals, ferritic/martensitic P91 steel and AISI 
316LN austenitic steel are joined using EB welding. This is shown in Fig2(b) [2]. An overview of the application of 
EB welding to dissimilar metals is provided by Sun and Karppi [10]. In this research, the welded joints were 
characterised using neutron diffraction experiment and finite element analysis. One of the primary interests of the 
experiment was to obtain the variation of the residual stresses through the thickness of the plate at the centre of the 
weld, to determine the magnitude of the inter-phase stresses and understand the influence of these on the joint 
performance. These stresses can play an important role in localised failure arising from microstructural variations. 
Another important aspect is to establish the significance of martensitic phase transformation related volume change 
experienced by the P91 steel, during cooling of the weld, on the final residual stress distribution. It is essential to 
understand the contribution of this volume change towards the inter phase stress state and thereby the macro stress 
state observed in the joint. 

2. Sample details 

The sample was a dissimilar metal joint made from modified9Cr-1Mo (P91), a ferritic/martensitic steel joined to 
AISI 316LNaustenitic stainless steel, using electron beam welding. The dimensions of the welded plate were 
250mm x 155mm x 11 mm. The width of the fusion zone was ~ 1.4mm and that of the HAZ was ~ 1 mm. The 
arrangement of the plate during welding is shown in Fig 3(a). The outer edges of the plates were clamped to larger 
steel plates to restrain the sample plates during welding. The cross-sectional weld macrograph is shown in Fig 
3(b).The chemical composition of the materials is shown in Table 1.The welding process was autogenous, without 
the addition of any filler material. A beam current of 48mA and a gun voltage of 120 kV were used for the full 
penetration welding. The speed of the welding gun was 500mm/min. In order to facilitate the welding process and 
retain the weld plates in position, as shown in Fig 3(a), tack welds were laid along the weld seam in the direction of 
welding using EB welding and through the thickness of the plate at the start end of the weld using TIG welding. 
Also the joining edges were melted up to a depth of 1.5mm prior to full penetration welding, to hold the plates in 
place. Preheating was done on the modified P91 steel side to compensate for the differential thermal conductivities 
of both the metals. AISI 316LNstainless steel has a lower thermal conductivity than that of modifiedP91 steel, 
which could lead to heat accumulation and higher amount of melting in 316LN stainless steel. After the welding 
pass, an additional cosmetic/smoothing pass was introduced using a defocussed beam with 26mA and 100 kV which 
resulted in a penetration depth of 4.5 mm. The purpose of the smoothing pass was to enhance the surface finish and 
to minimise any post weld machining processes. 

3. Experimental set-up 

Neutron diffraction measurements were conducted on the ENGIN-X instrument at the ISIS facility, Rutherford 
Appleton Laboratory, on the dissimilar metal joint to obtain residual strains and thereby stresses. Pulsed sources 
such as the one at ISIS, produces diffraction pattern over a range of grain families oriented along various 
crystallographic planes and permitted the residual stress/strain state at a micro level between the two phases to be 
measured [14, 15]. The plates were measured in the as-welded condition. Measurements were made along two 
different lines, (i) across the weld at the centre of the plate, at a depth of 5.5mmfrom the top surface and (ii) through 
the thickness of the plate at the weld centre. Owing to the very narrow dimensions of the fusion zone and heat 
affected zone (HAZ) in the sample, a small gauge volume of 1mm x 1mm x 1mm was used to capture the steep 
gradients of stress, for the measurements of lattice constant along the weld (longitudinal). However, based on the 
assumption that there was limited variation in the longitudinal strain along the weld seam, the gauge volume was 
extended to 10mmwhile making measurements in transverse and normal directions. This reduced the overall 
measurement time for each measurement point. For measurements on reference samples described later, the gauge 
volume was maintained as 1mm x 1mm x 1mmin all orientations. 

As the cosmetic pass had a penetration depth of 4.5 mm, it was decided to measure the stresses from the initial 
pass alone at a depth of 5.5mm from the top surface. The measurement points in the weld and the HAZ region were 
evenly spaced at distances of 0.5mm on either side of the weld fusion line. Outside the HAZ/Parent boundary of the 
weld the points were almost 2mmto 15mm apart on either side of the fusion line. For through thickness 
measurements, the points were selected at depth increments of 1.5mm from the top surface. In order to measure the 
lattice spacing in a stress-free state, two different d0 samples were machined from the welded plate. A 2mm thick 
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slice was machined from an end of the plate along the transverse edge. This slice was then machined to create 
d0samples as shown in Fig 4. Two matchstick samples were extracted from the ends of the slice on both sides to act 
as reference samples for the base metals. A comb sample was extracted from the centre of the slice with regions 
from weld fusion zone and the HAZ on either side of the fusion zone acting as a reference sample. 

 

(a) Schematic of the dissimilar metal EB welded sample with restraining larger steel plates 

 

(b) Cross-sectional weld macrograph 

Fig. 3. Dissimilar metal EB welded sample 

 
1000 µm 
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Fig. 4. Schematic of the d0 specimens. 

Table 1. Chemical composition of the base metals in % wt. (Balance Fe) [11 – 13]. 

 
 

Based on the sample geometry and the planes of symmetry, the principal directions were assumed to coincide 
with the residual stress directions in the three orthogonal directions. Measurements were made in the three principal 
stress directions, corresponding to longitudinal, transverse and normal directions of the weld, on the stressed as well 
as the stress-free reference samples. As the neutrons were from a pulsed source, the reflections were obtained from 
different families of grains and Pawley-Rietveld refinement was used to fit the diffraction peaks. Direction and 
position dependent lattice spacing on the stress-free samples were used to calculate the strains in the respective 
stress directions. The strains were calculated using [14, 15], 

��� =	
���	���

���
  (1) 

where εxxis the strain along the direction x, ax, a0x are the lattice constant measured in the stressed and stress-free 
sample in the direction x. The stresses were calculated using [14, 15],  

	
� =	
�

(���)
[��� +

�

(����)
(��� + ��� + ���)]                                                      (2) 

where E is the Young’s modulus and ν is the Poisson’s ratio. The value of Young’s modulus was assumed to be 210 
GPa for P91 steel and 195.6 GPa for AISI 316LN stainless steel respectively. These values correspond to the 
recommendations from Kroner’s models for the macroscopic elastic bulk properties in ploy-crystals for the bcc and 
fcc phases respectively [15].    

4. Electron beam weld simulations 

A numerical analysis was conducted on the 2D cross-sectional plane at mid-thickness to simulate the electron 
beam welding of the dissimilar metal plates and predict the residual stresses and strains using ABAQUS finite 
element code. As the welding speed was high, the centre of the plate was assumed to be at a steady-state condition, 
unaffected by the transient effects of welding, therefore it was assumed that a 2D model of the cross-section at the 
centre of the plate predicted the thermal history and weld residual stresses with sufficient accuracy [16–19].The 
welding simulation was carried out in 2 stages using sequentially coupled thermal and mechanical analyses. First 
order linear quadratic and triangular heat transfer elements (DC2D4 &DC2D3) were used in the thermal analysis 
whereas linear plane strain elements with reduced integration and triangular elements(CPE4R&CPE3) were used in 
the mechanical analysis. Temperature dependent material properties and stress-strain data were used in the analysis 

C    Mn       Zr         Si         P            S         Cr       Mo       Ni       Cu        Al          N          Nb         Ti      V     

P91     0.11   0.39   0.005     0.27     0.017     0.003     8.82    0.82      0.21     0.17    0.02     0.0464     0.07    0.004    0.2 

316 LN      0.03   1.72       -        0.39     0.025     0.003     17.5    2.58     11.9    0.195  0.001     0.087    0.005    0.005   0.051 
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for both the materials. The finite element mesh used in the analysis is shown in Fig 5. The temperature dependent 
thermo-physical properties and the monotonic stress-strain values of the austenitic 316LN stainless steel and that 
ofP91 steel are described elsewhere [20]. 

 

 

Fig. 5. Finite element mesh of the 2D cross-sectional model for dissimilar metal EB welded plate [20] 

Both the welding pass and the cosmetic pass were modelled in the analysis. Spot welds made at the beginning of 
the welding process were neglected in the analysis. The thermal analysis was conducted using block dumped 
approach [18, 19, 21]. The volumetric heat flux applied to the weld elements were calculated from the welding 
parameters, weld pool size and the mesh dimensions. The weld efficiency was assumed to be 90%. The heat flux 
corresponding to the full penetration weld pass was applied during the heating step. After welding, the plate was 
cooled to 20 °C. Then the weld elements were subjected to another volumetric heat flux corresponding to the 
cosmetic pass resulting in a depth of penetration of ~ 4.5 mm. The plate was subsequently cooled to 20 °C. The heat 
loss from the plate was simulated using radiation boundary condition only with an emissivity of 0.75.The preheating 
on the P91 steel side before actual welding was not considered in the analysis. Also it was assumed in the analysis, 
that the conduction between the specimen and the backing plate had no significance in the thermal solution and was 
therefore neglected. 

P91 steel undergoes solid-state phase transformation during the cooling cycle. This was modelled in the analysis 
for the portion of the plate that corresponds to the P91 side. The phase transformation was implemented using a 
user-subroutine UEXPAN. The thermal expansion coefficient of P91 steel between the martensite start temperature 
(~ 400 °C) and martensite finish temperature (~ 200 °C) was changed to account for the change in the volume 
during the transformation. The total volume change associated with the transformation was considered as 
0.0025mm/mm[13]. The martensitic fraction was calculated from Koistinen-Marburger relationship explained 
elsewhere[17, 22, 23]. The volume change arising from austenitic transformation and transformation plasticity 
during phase transformation were neglected. The mechanical analysis was conducted after the thermal analysis and 
the residual stresses and strains were predicted. The material hardening behaviour was assumed to be isotropic for 
both the materials with single stage annealing at 850 °C for P91 steel and 1050 °C for 316LN stainless steel. 
Mechanical boundary conditions were applied to simulate the clamping conditions on the plate as well as to prevent 
the rigid body motion. 

5. Specimen Extraction 

In order to study the effect of specimen extraction machining process on the residual stress profile through 
relaxation and redistribution, a C(T) fracture specimen was machined from the welded plate using EDM cutting. The 
top and the bottom surfaces of the blank were ground to several microns to produce a smooth surface finish. The 
dimensions and the location of the C(T) blank specimen in the welded sample plate is depicted in a schematic view 
in Fig. 6. The C(T) specimen would further be used for fracture toughness studies and creep fracture behaviour [9]. 
But prior to this, the residual stress state in the extracted C(T) specimen has to be determined. 

The extraction of the specimen and the resulting stress relaxation due to the creation of new free surfaces was 
modelled using FE analysis. A three-dimensional finite element analysis was conducted using ABAQUS code to 
simulate the machining process, creation of new surfaces and the relaxation of residual stresses. The residual 
stresses predicted from the simulation of welding process were provided as initial state to the C(T) specimen 
extraction model. 
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Fig. 6. Schematic of the C(T) specimen location in the dissimilar metal welded plate. 

The extraction of the specimen and the resulting stress relaxation due to the creation of new free surfaces was 
modelled using FE analysis. A three-dimensional finite element analysis was conducted using ABAQUS code to 
simulate the machining process, creation of new surfaces and the relaxation of residual stresses. The residual 
stresses predicted from the simulation of welding process were provided as initial state to the C(T) specimen 
extraction model. 

The removal of material was simulated using ABAQUS keyword*Model Change [24,25]. To start with, all the 
elements corresponding to the material removed were all activated. Then with each step the elements corresponding 
to the material removed, based on the feed rate of the EDM wire and the machining rate, were deactivated. This 
process was repeated until all the elements corresponding to the material removal were deactivated. A total number 
of 75 steps were used in the analysis to simulate the entire machining process. The material stress-strain behaviour 
was considered as elastic-plastic. The finite element model and the mesh of the C(T) blank specimen used in the 
analysis are shown in Fig. 7. The direction of welding is along the z-axis. First order linear 3D stress elements were 
used in the analysis. The grinding of the top and bottom surfaces were not considered in the analysis. 
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(a) FE model 

 

 
(b) FE mesh 

Fig. 7. FE model and mesh of the C(T) blank specimen. 
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6. Results and Discussion 

6.1. Neutron diffraction results 

The neutron diffraction experiment resulted in the determination of the lattice spacing, and subsequently stresses 
and strains were calculated. The results are presented and discussed in this section. The stress-free lattice spacings in 
the reference samples are shown in Fig 8 for both fcc and bcc phases. There was a variation in the lattice spacing 
from the fusion, HAZ and parent regions in the welded sample. The strain profiles across the weld are shown in Fig 
9. It can be seen that at the weld centre the results indicate the presence of both tensile and compressive strains, 
which is not possible at a macro-stress level. This indicated that the diffraction pattern at the centre of the profile 
had both fcc and bcc phases, suggesting a local segregation between fcc and bcc phases in the fusion zone. The 
diffraction pattern was representative of the inter-phase strains [26, 27]. Since an arrow gauge volume was used for 
the measurements, the sampling volume was not large enough for the inter-phase stresses to be equilibrated. 
Therefore the phase dependent strains were obtained rather than the macro strains. 

 

 

(a) 
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(b) 

Fig. 8. Stress-free lattice spacing in (a) fcc phase (b) bcc phase. 

The strain profiles through the thickness of the weld are shown in Fig 8 and the phase dependency of the strains 
is illustrated. The fcc phase was predominantly under tension, whereas the bcc was under compression. This was a 
consequence of martensitic phase transformation related volume change during rapid cooling. During rapid cooling, 
P91 steel experiences a thermal dilation upon reaching the martensitic start temperature, until the martensitic finish 
temperature, resulting in compressive strains in the weld regions and high tensile strains adjacent to the HAZ/Parent 
boundary. Therefore the weld fusion region had compressive strains in the bcc phase and tensile strains in fcc phase 
[27]. 

 

 

Fig. 9. Strain across the weld in 316LN and P91 materials. 
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Fig. 10. Strain through the weld fusion zone at the weld centre. 

The residual stress profiles determined using eq. (2) across the weld and through the thickness of the plate are 
shown in Fig 11 and 12 respectively. The peak tensile stress in the longitudinal direction was 800MPa in the HAZ 
region on the AISI316LN stainless steel side. Such a high magnitude of stress may have resulted from partial filling 
of the sampling gauge volume creating pseudo strains. As the d0samples were small, there might be only partial 
filling of the gauge volume, resulting ina corresponding peak broadening, often misinterpreted as strain. Also, the 
d0specimens were extracted from regions under the influence of the cosmetic pass, whereas the measurements on the 
specimen are made in a region away from the influence of the cosmetic pass. This suggests that the microstructure 
of the d0specimens and their lattice spacing could be considerably different from that of the weld specimen. 

 

 

Fig. 11. Stress across the weld in 316LN and P91 materials. 
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Fig. 12. Stress through the weld fusion zone at the weld centre. 

6.2. Finite element results 

A contour map showing the longitudinal residual stress across the weld at mid cross-section is shown in Fig 13. 
From the contour, the stresses at the interface of the weld joint, where both the phases are present, are ambiguous 
showing both tensile and compressive stresses. It can be reasoned that the stress state is representative of the inter-
phase stresses rather than the macrostresses. A comparison of the predicted and measured longitudinal stress, across 
the weld at the depth of 5.5 mm from the top surface, is shown in Fig 14. The predicted residual stresses through the 
thickness of the plate at the weld centre for the bcc and the fcc phases are captured in Fig 15, with those from the 
experiment. It is observed that the stress state in the fcc phase is tensile whereas in the bcc phase is compressive, 
resulting from the volume change associated with the phase transformation. This shows that the predictions are 
really inter-phase stresses rather than macro-stresses [27]. This is in correlation with the results from the neutron 
diffraction experiment. 

 

Fig. 13. Contour map showing the longitudinal residual stress profile at mid-section of the plate. 
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Fig. 14. Comparison of predicted and measured longitudinal residual stress across the weld. 

The comparison across the weld agrees very well in the regions outside the weld fusion and HAZ regions. 
However in the weld fusion and HAZ regions there are significant differences. This can be partly attributed to the 
absence of representative material data for these regions. Comparison of the stresses through the thickness agrees 
very well in the regions outside the influence of the cosmetic pass. From the experimental and simulation results, it 
is evident that a greater understanding of the inter-phase stresses is required to arrive at the macro-stress state. 

The residual stresses in the C(T) blank specimen predicted from the FE analysis are shown in Fig. 16. It can be 
seen from the graph that the residual stresses in the longitudinal and normal directions follow similar trend although 
the magnitudes are slightly different. The weld center has predominantly compressive stresses and the tensile peaks 
were pushed into the regions adjacent to the HAZ, which is similar to the residual stress profile observed in the 
welded sample. The compressive stresses can be explained from the solid-state phase transformation experienced by 
P91 steel during rapid cooling process. 

A comparison of the predicted longitudinal stress in the welded plate and the C(T) blank specimen is shown in 
Fig. 17(a). The line of comparison is shown in Fig. 17(b). The line of comparison is chosen at that particular 
location to facilitate comparison of stresses around the crack tip, after the introduction of the crack in the C(T) blank 
specimen. The position of the line coincides with the tip of the crack. Looking at Fig. 17(a), it can be seen that the 
stresses in the C(T) specimen have been relaxed (~ 50%) from the machining process, due to the formation of new 
surfaces. However they are not completely relaxed and there is still a significant portion of stresses retained in the 
specimen, especially in the regions around the weld center and HAZ, with very steep gradients. These retained 
residual stresses might contribute towards failure in service and are hence essential to be further analysed in the 
presence of applied stresses. It is also important to validate the predicted stress relaxation through measurements on 
the C(T) blank specimen, which shall be undertaken shortly. 
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(a) 

 

(b) 

Fig. 15. Comparison of predicted and measured longitudinal stress through the weld fusion zone at the weld centre (a) fcc phase (b) bcc phase 

 

Fig. 16. Predicted longitudinal and normal residual stress in the C(T) blank specimen. 
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(a) Residual stress in the welded plate and the C(T) specimen 

 

(b) Line of comparison 

Fig. 17. Comparison of the extent of predicted residual stress relaxation in the C(T) blank specimen. 

7. Concluding remarks 

Based on the neutron diffraction experiment and a finite element analysis for dissimilar metal welded P91 and 
austenitic 316LN stainless steel plates using EB welding, it was shown that; 

 
1. Dissimilar metal welded samples have fcc and bcc phases present in the weld fusion zone. The narrowness of 

the fusion zone and the HAZ regions, along with the coarse grains in the weld fusion zone introduced 
considerable difficulty in obtaining statistically significant counting statistics during the neutron diffraction 
experiment. 

2. The narrow fusion zone and HAZ regions meant that narrow gauge volumes were used and therefore inter-
phase residual stresses or type II stresses might not be averaged. In essence the measurements usually reveal 
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the stress state between the phases rather than the macro-stress state. The magnitudes of these phase 
dependent stresses were created by the volume change arising from the phase transformation in P91 steel. 

3. Irrespective of the range of assumptions made in the FE simulations, there was some agreement between 
measured and simulated residual stresses especially in the regions away from weld fusion zone and HAZ. 

4. The extraction of the C(T) blank specimen has resulted in residual stress relaxation (~ 50%). However 
significant portion of stresses are still retained in the component and require to be thoroughly studied to 
understand their contribution towards failure in service.  

5. The stress relaxation is primarily from the formation of new free surfaces resulting from the machining 
process. However no variation is observed in the profile of the stress distribution with huge gradients in the 
weld center and HAZ regions, indicating that there has been no significant redistribution of residual stresses 
from machining process.  
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