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2University of Bristol, Solid Mechanics Research Group, Department of Mechanical Engineering, Bristol, BS81TR, UK
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Abstract

Nuclear power plants require dissimilar metal wjeldts to connect the primary steam generator niawe ferritic steel to the

intermediate heat exchanger made from austené@l.sBuch joints are complex because of the midmiatthe thermal and the
mechanical properties of the materials used injahe. Electron Beam (EB) welding is emerging as angising technique to

manufacture dissimilar joints providing a great maavantages over conventional welding technigireserms of low heat

input, high heat intensity, narrow fusion and hafi¢cted zones, deeper penetration and increasktingespeeds. However
before this method can be considered for implentiemtan an actual plant, it is essential for a éalreand a comprehensive
outlining of the joint characteristics and the apé effects on performance during service. Ingtesent study, an EB welded
joint was manufactured using austenitic AISI 316sfidinless steel and a ferritic-martensitic P91l steighout the addition of

filler material. Neutron diffraction measurementsa@nducted on the welded plate to measure théuasstress distribution

across the weld as well as through the thicknegheflate. A finite element analysis was conduaiada two-dimensional

cross-sectional model using ABAQUS code to simullaéewelding process and predict the residual stseesmplementing the

effects of solid-state phase transformation expegd by P91 steel. The predicted residual stresses transferred to a 3D
finite element model of the plate to simulate th&chining and extraction of a C(T) blank specimemftbe welded plate and
the extent of stress relaxation is studied.

Keywords: Residual stresses; Stress relaxation; neutroradifbn; finite element modelling; electron beamdirgg; dissimilar metal.

1. Introduction

The Prototype Fast Breeder Reactor (PFBR) is aM0@& sodium-cooled fast breeder nuclear reactorgmtbs
being constructed in Kalpakkam, India [1]. The tadizandhi Centre for Atomic Research (IGCAR) ipoesible
for the design of this reactor. The cooling sysththe reactor uses liquid sodium and requirestail safety
measures to isolate the coolant from environmehé team generator, made of modified 91steel, isexied to
the intermediate heat exchanger, made of AISI 316tdihless steel with a dissimilar metal weld. Sheematic of
the rector system is shown in Fig 1(a) and thenstganerator with the dissimilar metal weld in Fip)1 Currently
the dissimilar metal weld is a tri-metallic tramsit joint and uses a multi-pass Tungsten Inert @G&S) welding.
The complex design of the joint was necessary tomise thermal stresses. The arrangement of theeagbint is
shown in Fig 2(a) [2].ER16-8-2 is a filler materialth 16% Cr 8% Ni and 2% Mo, used for high tempema
austenitic stainless steels. Alloy 800is an Incoalédy with very good creep rupture properties &&no °C.
Inconel 182 is an electrode used in dissimilar ingédds of stainless steels joined to carbon steels

Experience with dissimilar metal weld joints haswh that a considerable number of failures occuatea very
early stage in service than expected, especialpoimer plants [3]. An extensive failure analysissvearried out at
IGCAR on dissimilar metal welds between 2.25Cr-1Kaitic steel and AISI type 316stainless steelhwaind
without Inconel-82 buttering using the non-desimectX-ray diffraction (XRD) technique and to assdbe
effectiveness of the buttering on the extent ofuotidn in the residual stress [4]. Various earktudies that
characterise residual stresses in dissimilar me&tls using conventional welding process are abiglén 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 dissimetal weld

Fig. 1. Typical heat transport system in fast beeedactor [1].

(a) Trimetallic joint with filler material

|

EB welding
(b) EB welded joint without any filler material

Fig. 2. Schematic of the existing trimetallic joarid the proposed EB joint [1].



To avoid the complex design, it is proposed thattiho dissimilar metals, ferritic/martensitic P9&ed and AISI
316LN austenitic steel are joined using EB weldifilgis is shown in Fig2(b) [2]. An overview of thpgication of
EB welding to dissimilar metals is provided by Samd Karppi [10]. In this research, the welded imtere
characterised using neutron diffraction experingmd finite element analysis. One of the primargriests of the
experiment was to obtain the variation of the neaicdtresses through the thickness of the platieeatentre of the
weld, to determine the magnitude of the inter-phstsesses and understand the influence of thesteooint
performance. These stresses can play an impodbntrr localised failure arising from microstruauwariations.
Another important aspect is to establish the sigaifce of martensitic phase transformation relatddme change
experienced by the P91 steel, during cooling ofwiedd, on the final residual stress distributianisl essential to
understand the contribution of this volume charmmyeards the inter phase stress state and therebyabeo stress
state observed in the joint.

2. Sample details

The sample was a dissimilar metal joint made froodifired9Cr-1Mo (P91), a ferritic/martensitic stéeined to
AISI 316LNaustenitic stainless steel, using elattileam welding. The dimensions of the welded pla¢ee
250mm x 155mm x 11 mm. The width of the fusion zeves ~ 1.4mm and that of the HAZ was ~ 1 mm. The
arrangement of the plate during welding is showRig3(a). The outer edges of the plates were otaihip larger
steel plates to restrain the sample plates durialgling. The cross-sectional weld macrograph is shawFig
3(b).The chemical composition of the materialsheven in Table 1.The welding process was autogenwitisput
the addition of any filler material. A beam curreit48mA and a gun voltage of 120 kV were usedtfar full
penetration welding. The speed of the welding gas W00mm/min. In order to facilitate the weldinggess and
retain the weld plates in position, as shown in ¥a), tack welds were laid along the weld seathéndirection of
welding using EB welding and through the thicknetshe plate at the start end of the weld using Weéding.
Also the joining edges were melted up to a deptth.6imm prior to full penetration welding, to holietplates in
place. Preheating was done on the modified P91 sitseto compensate for the differential thermahductivities
of both the metals. AISI 316LNstainless steel hdsweer thermal conductivity than that of modifiedPSteel,
which could lead to heat accumulation and higheow of melting in 316LN stainless steel. After tivelding
pass, an additional cosmetic/smoothing pass wesdinted using a defocussed beam with 26mA and Y0®Hich
resulted in a penetration depth of 4.5 mm. The @sepof the smoothing pass was to enhance the suifash and
to minimise any post weld machining processes.

3. Experimental set-up

Neutron diffraction measurements were conductethenENGIN-X instrument at the ISIS facility, Rutfand
Appleton Laboratory, on the dissimilar metal jototobtain residual strains and thereby stresselse®wsources
such as the one at ISIS, produces diffraction patver a range of grain families oriented alongiows
crystallographic planes and permitted the residtralss/strain state at a micro level between tlephases to be
measured [14, 15]. The plates were measured irasheelded condition. Measurements were made alang t
different lines, (i) across the weld at the cewfréhe plate, at a depth of 5.5mmfrom the top sifand (ii) through
the thickness of the plate at the weld centre. @Qwim the very narrow dimensions of the fusion zand heat
affected zone (HAZ) in the sample, a small gaugeime of 1Imm x 1mm x 1mm was used to capture thepste
gradients of stress, for the measurements of éattanstant along the weld (longitudinal). Howe\msed on the
assumption that there was limited variation in lihegitudinal strain along the weld seam, the gaugjeme was
extended to 10mmwhile making measurements in texsevand normal directions. This reduced the overal
measurement time for each measurement point. Fasumements on reference samples described lategatige
volume was maintained as 1mm x 1mm x 1mmin allrtaigons.

As the cosmetic pass had a penetration depth oi5it was decided to measure the stresses frenmitial
pass alone at a depth of 5.5mm from the top surfBloe measurement points in the weld and the HAjgorewere
evenly spaced at distances of 0.5mm on eitherdditlee weld fusion line. Outside the HAZ/Parent bdary of the
weld the points were almost 2mmto 15mm apart oheeitside of the fusion line. For through thickness
measurements, the points were selected at dep#mieats of 1.5mm from the top surface. In ordemé&asure the
lattice spacing in a stress-free state, two diffexd samples were machined from the welded plate. A 2ok



slice was machined from an end of the plate aldmgttansverse edge. This slice was then machinexette
dosamples as shown in Fig 4. Two matchstick sampkre wxtracted from the ends of the slice on batbssto act
as reference samples for the base metals. A complsavas extracted from the centre of the slicén wétgions
from weld fusion zone and the HAZ on either sidéhef fusion zone acting as a reference sample.

Tack welding
by EBW

.

Walding

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

11 mm

(b) Cross-sectional weld macrograph

Fig. 3. Dissimilar metal EB welded sample
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Fig. 4. Schematic of the;dpecimens.

Table 1. Chemical composition of the base metals int. (Balance Fe) [11 — 13].

C Mn Zr S P S Cr Mo Ni Cu Al N Nb Ti V
P91 0.11 0.39 0.005 0.27 0.010.003 8.82 0.82 0.21 0.17 0.02.0464 0.07 0.004 0.2
316 LN  0.03 1.72 - 039 7280 0.003 175 258 11.9 0.19600. 0.087 0.005 0.005 0.051

Based on the sample geometry and the planes of syiynthe principal directions were assumed to cide
with the residual stress directions in the threbagonal directions. Measurements were made ihttee principal
stress directions, corresponding to longitudinainsverse and normal directions of the weld, orstressed as well
as the stress-free reference samples. As the msuivere from a pulsed source, the reflections wétained from
different families of grains and Pawley-Rietveldimement was used to fit the diffraction peaks.ebtion and
position dependent lattice spacing on the stress-famples were used to calculate the strainseinespective
stress directions. The strains were calculatedyydi#, 15],

Ax— Aox
Exx = T (1)
whereeg,is the strain along the directioq a,, ag, are the lattice constant measured in the stressddstress-free
sample in the directiorn The stresses were calculated using [14, 15],

E v
aij = (1+v) [£xx + (1-2v) (sxx + £yy + szz)] (2)

whereE is the Young’s modulus andis the Poisson’s ratio. The value of Young’'s modulvas assumed to be 210
GPa for P91 steel and 195.6 GPa for AISI 316LNn&tas steel respectively. These values corresporttiet
recommendations from Kroner’s models for the mawwpi elastic bulk properties in ploy-crystals foe bcc and
fcc phases respectively [15].

4. Electron beam weld ssimulations

A numerical analysis was conducted on the 2D csestional plane at mid-thickness to simulate tleetebn
beam welding of the dissimilar metal plates anddjatethe residual stresses and strains using ABAQidige
element code. As the welding speed was high, theeef the plate was assumed to be at a steathyetadition,
unaffected by the transient effects of weldingréifi@re it was assumed that a 2D model of the csestion at the
centre of the plate predicted the thermal histargt aeld residual stresses with sufficient accurf®~19].The
welding simulation was carried out in 2 stages gisaquentially coupled thermal and mechanical @ealyFirst
order linear quadratic and triangular heat transfements (DC2D4 &DC2D3) were used in the thernmellysis
whereas linear plane strain elements with reductsyiation and triangular elements(CPE4R&CPE3) weses in
the mechanical analysis. Temperature dependentiaigteoperties and stress-strain data were useldeiranalysis
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for both the materials. The finite element meshdusethe analysis is shown in Fig 5. The tempemtigpendent
thermo-physical properties and the monotonic stséssn values of the austenitic 316LN stainlegelsand that
ofP91 steel are described elsewhere [20].

156 mm

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

Both the welding pass and the cosmetic pass wedelted in the analysis. Spot welds made at theripéng of
the welding process were neglected in the analyidie thermal analysis was conducted using block pam
approach [18, 19, 21]. The volumetric heat flux lsazbto the weld elements were calculated from whdding
parameters, weld pool size and the mesh dimensidres.weld efficiency was assumed to be 90%. The thea
corresponding to the full penetration weld pass agslied during the heating step. After welding filate was
cooled to 20 °C. Then the weld elements were stdgleto another volumetric heat flux correspondiagttie
cosmetic pass resulting in a depth of penetration4&5 mm. The plate was subsequently cooled t8Q20rhe heat
loss from the plate was simulated using radiationnolary condition only with an emissivity of 0.78€elpreheating
on the P91 steel side before actual welding wasonsidered in the analysis. Also it was assumdtiéranalysis,
that the conduction between the specimen and ttlarizaplate had no significance in the thermal 8otuand was
therefore neglected.

P91 steel undergoes solid-state phase transfonmdtiong the cooling cycle. This was modelled ia #nalysis
for the portion of the plate that corresponds ® B91 side. The phase transformation was implerdamag a
user-subroutine UEXPAN. The thermal expansion dciefit of P91 steel between the martensite stampézature
(~ 400 °C) and martensite finish temperature (~ 20D was changed to account for the change in tiene
during the transformation. The total volume charagsociated with the transformation was considered a
0.0025mm/mm[13]. The martensitic fraction was chlted from Koistinen-Marburger relationship expkan
elsewhere[17, 22, 23]. The volume change arisimgnfraustenitic transformation and transformationstaiay
during phase transformation were neglected. Thenargcal analysis was conducted after the thermalyais and
the residual stresses and strains were predictegl.nTaterial hardening behaviour was assumed tsdimpic for
both the materials with single stage annealing5t 8C for P91 steel and 1050 °C for 316LN stainlste®l.
Mechanical boundary conditions were applied to &teuthe clamping conditions on the plate as welicaprevent
the rigid body motion.

5. Specimen Extraction

In order to study the effect of specimen extractmoachining process on the residual stress profiteugh
relaxation and redistribution, a C(T) fracture sp®m was machined from the welded plate using EDMig. The
top and the bottom surfaces of the blank were gidonseveral microns to produce a smooth surfaishfi The
dimensions and the location of the C(T) blank speci in the welded sample plate is depicted in arselic view
in Fig. 6. The C(T) specimen would further be ulmdfracture toughness studies and creep fractehatour [9].
But prior to this, the residual stress state ingkigacted C(T) specimen has to be determined.

The extraction of the specimen and the resultingsstrelaxation due to the creation of new freéases was
modelled using FE analysis. A three-dimensionaitdimlement analysis was conducted using ABAQUSecdnd
simulate the machining process, creation of neviasas and the relaxation of residual stresses. rébilual
stresses predicted from the simulation of weldimgcpss were provided as initial state to the C(@gcsmen
extraction model.
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EB Weld

Extracted block of CT
Sample

Ilin'_-m

Fig. 6. Schematic of the C(T) specimen locatiothmdissimilar metal welded plate.

The extraction of the specimen and the resultingsstrelaxation due to the creation of new freéasaes was
modelled using FE analysis. A three-dimensionaltdirlement analysis was conducted using ABAQUSedad
simulate the machining process, creation of newasas and the relaxation of residual stresses. réaelual
stresses predicted from the simulation of weldimgcpss were provided as initial state to the C(@§csmen
extraction model.

The removal of material was simulated using ABAQk&yword*Model Change [24,25]. To start with, aleth
elements corresponding to the material removed a#ictivated. Then with each step the elementesponding
to the material removed, based on the feed ratbeoEDM wire and the machining rate, were deadatidafhis
process was repeated until all the elements caynelpg to the material removal were deactivatedotal number
of 75 steps were used in the analysis to simuketeehtire machining process. The material streagagbehaviour
was considered as elastic-plastic. The finite etgnneodel and the mesh of the C(T) blank specimexd uis the
analysis are shown in Fig. 7. The direction of wadds along the z-axis. First order linear 3D strelements were
used in the analysis. The grinding of the top amitidn surfaces were not considered in the analysis.



11 mm

(a) FE model

(b) FE mesh

Fig. 7. FE model and mesh of the C(T) blank spegime
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6. Results and Discussion
6.1. Neutron diffraction results

The neutron diffraction experiment resulted in dleéermination of the lattice spacing, and subsetijistresses
and strains were calculated. The results are pted@md discussed in this section. The stresddttiee spacings in
the reference samples are shown in Fig 8 for bathahd bcc phases. There was a variation in ttiedagpacing
from the fusion, HAZ and parent regions in the veeldample. The strain profiles across the weldshosvn in Fig
9. It can be seen that at the weld centre the teegudicate the presence of both tensile and cosspre strains,
which is not possible at a macro-stress level. Tdécated that the diffraction pattern at the centdf the profile
had both fcc and bcc phases, suggesting a locatgatipn between fcc and bcc phases in the fusime.zThe
diffraction pattern was representative of the utkase strains [26, 27]. Since an arrow gauge veluas used for
the measurements, the sampling volume was not langeigh for the inter-phase stresses to be ecptiitr
Therefore the phase dependent strains were obteatteel than the macro strains.
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Fig. 8. Stress-free lattice spacing in (a) fcc ph@3 bcc phase.

The strain profiles through the thickness of thédvwaee shown in Fig 8 and the phase dependendyeoftrains
is illustrated. The fcc phase was predominantlyeurtdnsion, whereas the bcc was under compresEies.was a
consequence of martensitic phase transformati@tectvolume change during rapid cooling. Duringdagoling,
P91 steel experiences a thermal dilation upon regadhe martensitic start temperature, until theterssitic finish
temperature, resulting in compressive strains énvikld regions and high tensile strains adjacettiedHAZ/Parent

boundary. Therefore the weld fusion region had a@sgive strains in the bcc phase and tensile stmiftc phase
[27].
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Fig. 9. Strain across the weld in 316LN and P9lenis.
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The residual stress profiles determined using 2pa¢ross the weld and through the thickness ofpthte are
shown in Fig 11 and 12 respectively. The peak kerssiess in the longitudinal direction was 800MP#éhe HAZ
region on the AISI316LN stainless steel side. Suttiigh magnitude of stress may have resulted frartigb filling
of the sampling gauge volume creating pseudo stras the gsamples were small, there might be only partial
filling of the gauge volume, resulting ina corresging peak broadening, often misinterpreted asnstrdso, the
dospecimens were extracted from regions under theein€e of the cosmetic pass, whereas the measuteprethe
specimen are made in a region away from the infleesf the cosmetic pass. This suggests that theostiacture
of the dspecimens and their lattice spacing could be censily different from that of the weld specimen.
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Fig. 11. Stress across the weld in 316LN and P%e&nais.
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6.2. Finite element results

A contour map showing the longitudinal residuaéssr across the weld at mid cross-section is shoviigi 13.
From the contour, the stresses at the interfadaenfveld joint, where both the phases are preseatambiguous
showing both tensile and compressive stresseanlbe reasoned that the stress state is reprégerdgathe inter-
phase stresses rather than the macrostresses. gaxdsom of the predicted and measured longitudittaks, across
the weld at the depth of 5.5 mm from the top swfé& shown in Fig 14. The predicted residual sereghrough the
thickness of the plate at the weld centre for tbe énd the fcc phases are captured in Fig 15, twike from the
experiment. It is observed that the stress statbarfcc phase is tensile whereas in the bcc pisasempressive,
resulting from the volume change associated with ghase transformation. This shows that the pieditare
really inter-phase stresses rather than macrossisel27]. This is in correlation with the resultsri the neutron
diffraction experiment.

S, §33 (MPa
(Avg: 75%)

Fig. 13. Contour map showing the longitudinal rasidstress profile at mid-section of the plate.



14

1O

Frediced -
Measured -

P91 1

Longitudinal residual stress (MPa)
[§¥)
=

=70 -60 -50 -40 -30 -20 -10 0O 10 20 30 40 50 60 70
Distance across the weld from weld centreline 5.5 mm from top surface (mm)

-600

Fig. 14. Comparison of predicted and measured fodijial residual stress across the weld.

The comparison across the weld agrees very wethénregions outside the weld fusion and HAZ regions
However in the weld fusion and HAZ regions there significant differences. This can be partly htited to the
absence of representative material data for thegiens. Comparison of the stresses through th&regs agrees
very well in the regions outside the influence o tosmetic pass. From the experimental and siionlatsults, it
is evident that a greater understanding of the-jpiteise stresses is required to arrive at the rretoges state.

The residual stresses in the C(T) blank specimedigted from the FE analysis are shown in Fig.ll6an be
seen from the graph that the residual stressdwitohgitudinal and normal directions follow sinitaend although
the magnitudes are slightly different. The weldteemas predominantly compressive stresses aninisde peaks
were pushed into the regions adjacent to the HAZichvis similar to the residual stress profile olied in the
welded sample. The compressive stresses can bairegbifrom the solid-state phase transformatioreggpced by
P91 steel during rapid cooling process.

A comparison of the predicted longitudinal stresshie welded plate and the C(T) blank specimerdsva in
Fig. 17(a). The line of comparison is shown in Fig(b). The line of comparison is chosen at thatiqdar
location to facilitate comparison of stresses adotln@ crack tip, after the introduction of the &atthe C(T) blank
specimen. The position of the line coincides wité tip of the crack. Looking at Fig. 17(a), it da® seen that the
stresses in the C(T) specimen have been relax&@%) from the machining process, due to the foromatf new
surfaces. However they are not completely relaxetithere is still a significant portion of stressetined in the
specimen, especially in the regions around the weltter and HAZ, with very steep gradients. Thesaimed
residual stresses might contribute towards failareervice and are hence essential to be furthalysed in the
presence of applied stresses. It is also impottanélidate the predicted stress relaxation thromglasurements on
the C(T) blank specimen, which shall be undertedteortly.
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7. Concluding remarks

Based on the neutron diffraction experiment anéhidef element analysis for dissimilar metal welde@l and
austenitic 316LN stainless steel plates using EBliwg, it was shown that;

1. Dissimilar metal welded samples have fcc and beaseb present in the weld fusion zone. The narrawoies
the fusion zone and the HAZ regions, along with toarse grains in the weld fusion zone introduced
considerable difficulty in obtaining statisticalbjgnificant counting statistics during the neutdiffraction
experiment.

2. The narrow fusion zone and HAZ regions meant tlaataw gauge volumes were used and therefore inter-
phase residual stresses or type Il stresses mightenaveraged. In essence the measurements usiabl
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the stress state between the phases rather thamdbeo-stress state. The magnitudes of these phase
dependent stresses were created by the volume e€laaisgng from the phase transformation in P91l.stee

3. lrrespective of the range of assumptions made énRlE simulations, there was some agreement between
measured and simulated residual stresses espenitly regions away from weld fusion zone and HAZ.

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

5. The stress relaxation is primarily from the formatiof new free surfaces resulting from the maclgnin
process. However no variation is observed in tledilprof the stress distribution with huge gradgeirt the
weld center and HAZ regions, indicating that thieas been no significant redistribution of residsta¢sses
from machining process.
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