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ABSTRACT 

Numerous manufacturing processes induce residual stresses and distortions in piping components and 
associated welds: quenching of cast pipings, machining and welding. In Pressurized Water Reactors, most of the 
components have a large thickness for sustaining pressure and distortions are a minor source of concern. This is 
not the case for residual stresses which may have a strong influence on several type of damage such as fatigue, 
corrosion, brittle fracture. In low toughness components, residual stress fields may contribute to ductile tearing 
initiation. These potential damages are mitigated after welding by stress relief heat treatment, which is applied in 
a systematic manner to ferritic components of the primary system in nuclear reactors. This treatment is not 
applied on austenitic piping for which the heat treatment temperature is limited due to the risk of sensitization 
and residual stresses are difficult to eliminate completely. 

Since on site measurements are costly and difficult to perform, numerical simulation appears to be an 
attractive tool for estimating residual stress distributions. Framatome-ANP is working on modelling 
manufacturing processes with that purpose in mind. This paper presents three kinds of applications illustrating 
efforts on welding, quenching and machining simulation. First a comparison is shown between computations and 
measurements of residual stress induced by welding of a dissimilar weld metal junction. Then numerical 
simulations of quenching of a cast stainless steel nozzle are presented. Finally quenching followed by machining 
and grinding of this cast component are considered in a full simulation of the manufacturing process. Computed 
distortions and residual stresses are compared with experimental measurements at different stages of the 
manufacturing process. 
 
Keywords: Numerical Welding Simulation, Numerical Machining Simulation, Finite Element Computations, 
Elastic-Visco-Plastic Behavior, Residual Stress. 

1. INTRODUCTION 
Residual stresses present in Pressurized Water Reactors do not constitute a major problem at the design stage. 

They do, however, strongly impact some types of damage – specifically fatigue crack and corrosion crack 
initiation and growth (Fricke et al., 1998, Gilles, 2002). However stress relief heat treatment is not applied on 
stainless steel pipes and the 600°C post weld heat treatment of bi-metallic welds is not completely efficient. 
Furthermore, through-thickness measurement of residual stress is not feasible on-site. Numerical simulation of the 
welding process is, in most of the cases, the only way to obtain residual stress fields and therefore improve the 
accuracy of defect assessments. 
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Most of the manufacturing processes, like quenching, welding, machining as well as welding repairs do 
generate residual stresses. These stresses may play different roles on damage depending whether they are local or 
global. All thermal process such as welding or quenching, produce residual stress fields throughout the component 
thickness and may play an important role in fatigue propagation and brittle fracture. Conversely, machining and 
grinding induce high residual stress gradients close to the surface and have a dominant influence on stress 
corrosion or fatigue crack initiation. It is therefore important to know the origin of residual stress fields and the 
most reliable way to reproduce numerically these fields consist in simulating the whole manufacturing process. 
This is the orientation of FRAMATOME-ANP R&D efforts, which begin to bring some success in industrial 
applications described below. 

2. NUMERICAL SIMULATION OF WELDING 
Framatome-ANP has been working on numerical simulation of welding since more than 25 years (Gilles, 

2004). The worldwide known SYSWELD code is born in Framatome-ANP, but the largest part of 
Framatome-ANP experience in this field relies in the numerous studies performed by German and French teams 
on industrial components. We present in this paragraph a large part of FRAMATOME-ANP efforts devoted to 
welding simulation of a dissimilar weld metal junction. 

2.1. The Dissimilar Weld Junction problem 
In most of nuclear reactors, heavy section components made in low alloy steel are connected with stainless 

steel piping systems. The junctions are performed between ferritic nozzle ends and austenitic stainless steel 
piping, following a special manufacturing procedure to ensure a good resistance of the joint. Two types of 
joining procedures may be used: the old practice consists in buttering the ferritic end with layers of austenitic 
stainless steel and then joining the pipe sections with an austenitic stainless steel filler metal is used. Now a TIG 
(Tungsten Inert Gas) narrow gap welding with a nickel base alloy as filler metal joining directly the ferritic 
nozzle to an austenitic stainless steel safe end is preferred. Post weld heat treatment (PWHT) is applied to reduce 
residual stresses in the heat affected zone (HAZ), but whatever the process is, the difference in thermal 
expansion coefficients induces residual stresses during the cooling stage. Furthermore, differences in tensile 
properties may cause strain concentration at the weld to ferritic steel interface which enhances the risk of crack 
initiation and extension. 

Dissimilar Metal Weld junctions (DMW) have been a subject of concern in few plants when corrosion 
cracks have been discovered in stainless steel DMWs (Cattant, 1994) and nickel base alloy ones (VC Summer, 
Ringhals). In a more general way, the integrity of aged DMWs constitutes an important safety issue (EUR20281, 
2001). 

Two EC projects BIMET (Chas, 2001) and ADIMEW (Faidy 2001 & 2004) have been conducted on DMW 
ductile fracture behavior. Namely, the ADIMEW (Assessment of aged piping DIssimilar MEtal Weld integrity) 
project aimed to quantify the accuracy of structural integrity procedures used in the European nuclear industry to 
ensure the safety of defect-containing dissimilar metal weld junctions in aged PWR Class 1 piping. A 16 inch 
diameter DMW weld junction containing a large machined crack has been tested successfully under bending at 
300 o C to determine the actual behavior of cracks close to the interface. Test results and fracture analyses of 
ductile tearing behavior have been presented at the PVP 2004 conference (Martin, Wintle, Gilles, 2004). 

Dissimilar Metal Weld junctions exhibit very strong residual stress fields in as-welded condition, but also 
after Post Weld Heat Treatment (PWHT). The knowledge of residual stress fields is of importance in integrity 
analyses especially in aged junctions. As a side project, detailed measurements of the residual stress fields in the 
components were performed on BIMET and ADIMEW pipe junctions. The next paragraph present numerical 
computations of the residual stress fields computations conducted by FRAMATOME-ANP on the ADIMEW 
mock-up. 

2.2. Numerical simulation of the welding of a large diameter DMW 
In the ADIMEW programme, two 16” Dissimilar Metal Weld mock-ups were manufactured by 

FRAMATOME-ANP. After machining and PWHT the external diameter of these mock-ups became 453 mm and 
their thickness 51mm. One was cut-up to measure welding residual stresses and to provide small-scale 
specimens for measurement of tensile and fracture toughness properties of the constituent parent steels, weld 
metals and associated heat affected zones. The second mock-up was used for the actual pipe test (Martin, 2004). 
The 2 Dissimilar Metal Weld mock-ups were manufactured in 5 steps (partly shown in Fig. 1b): 
� 4 layer buttering (309 & 308L) and machining 
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� Vee groove 308L welding 
� Stress relief 
� Outside & inside machining 
Complementary measurement techniques were applied to determine as accurately as possible the residual 

stress fields in the weld and the Heat Affected Zone (HAZ). Particular emphasis was on the through wall residual 
stress distribution in the area of the ferritic steel – austenitic stainless steel weld interface. The Neutron 
Diffraction (ND) technique has been applied by the Institute of Energy (IE-JRC) to determine the residual stress 
fields non-destructively and through thickness. Measurements were performed at various locations within the 
weld, the buttering layer and base materials in three orthogonal directions, i.e., the component hoop, axial and 
radial directions. Details may be fond in (Ohms, 2004). TWI performed Hole Drilling measurement (HD) at ten 
locations on the outer wall, and at four locations on the inner wall. 
 

70

1st layer 309L ∅ 4 mm

1st layer 308L ∅ 4 mm

2nd and 3rd layers 308L  ∅ 5 mm70

1st layer 309L ∅ 4 mm

1st layer 308L ∅ 4 mm

2nd and 3rd layers 308L  ∅ 5 mm

≈ 100 beads for ≈ 24 layers 
308L ∅ 3, 2, 4 and 5 mm
≈ 100 beads for ≈ 24 layers 
308L ∅ 3, 2, 4 and 5 mm

Fig. 1a Trough thickness macrograph Fig. 1b: 2 main steps : buttering and filling 
 
Since a large difference has been observed between these two measurements (Fig. 2a), MatTec Laboratory 

proposed using the cut compliance technique (Schindler, 2003). These measurements (Fig. 2b) show that the 
compressive stress on the surfaces is a purely local effect. Beneath the surfaces the stresses revert to those 
consistent with measurements made by JRC and calculated by Framatome-ANP. The volumetric sensitivity of 
neutron radiography measurements and finite element calculations would not have been capable of identifying a 
local stress within a few millimeters of the surface. 

 
ADIMEW  : Comparaison des mesures à 4,25mm
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Residual Stress distribution on S1 , S6
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Fig. 2a Hole drilling axial residual stress 
measurements (triangles) at the outer surface 
and neutron diffraction measurements at 4.25 
mm in depth (squares) 

Fig. 2b Cut Compliance axial residual stress 
measurements in the middle of the weld 
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The differences between HD measurements and extrapolation of ND measurements on the walls are 
attributed to machining. The heating due to machining may induce considerable compressive stress on a thin 
layer under the surface. This effect has not been modelled in the ADIMEW residual stress simulations. 

Framatome-ANP has performed the three following calculations: 
� A simplified analysis, which consists of a cooling calculation from an assumed stress-free state after the 

stress-relief heat treatment. 
� A detailed macrobead analysis. Each elementary step of the mock-up manufacturing procedure is 

simulated, but the welding is modelled by deposition of layers grouping all the beads lying in a same 
plane. This macrobead technique has been validated on detailed welding simulations of a thirteen pass 
welding of two austenitic stainless steel pipes. 

� A detailed pass by pass analysis in which all the steps of the procedure and the deposit of all the beads are 
simulated. The thermal field is obtained by 3D computation on a plate with a source calibrated for each 
welding step. 

These computations are 2D axisymmetric and the self restraint is accounted for by fixing appropriate 
boundary conditions. Three materials have been characterized: A508 for ferritic base metal, 316L for austenitic 
base metal, and 308L for weld metal. The buttering was considered as identical to the filler weld material. For 
the weld metal, physical characteristics and stress-strain curves have been obtained from measurements at 20°C 
and 300°C, RCC-M (2000) material data base for current temperatures and extrapolations using a private data 
base. We may conclude from comparisons (some of these being presented in Figs. 3 and 4) between computed 
and measured residual stress that: 
� The simplified analysis (Fig 3a) gives much lower hoop stresses than measured and computed results, 

showing that PWHT cannot relief the hoop stresses. The relief is more efficient on axial stresses. 
� The macrobead simulation gives similar results than the pass by pass computation in the upper part of 

the weld, but underestimates the stresses at the root pass. These differences are probably due to a 
weakness of the macrobead technique when applied to the buttering. 

� The pass by pass analysis is in excellent agreement with the measurements. According to IE-JRC, hoop 
stress measurements are more reliable and some measurements in the middle of the weld are not 
accurate due to the high texturing of the weld. 

 
HOOP STRESSES : Measures / Simulations (46.75mm)
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Fig. 3a Computed and measured hoop 
stresses at 4,25 mm from the outer wall 

Fig. 3b Computed and measured hoop 
stresses at 4,25 mm from the inner wall 

AXIAL STRESSES : Measures / Simulations (46,75mm)
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Fig. 4a Computed and measured axial 
stresses at 4,25 mm from the outer wall 

Fig. 4b Computed and measured axial 
stresses at 4,25 mm from the inner wall 

HOOP STRESSES : Measures / Simulations (4.25mm)
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AXIAL STRESSES : Measures / Simulations (4.25mm)
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3. NUMERICAL SIMULATION OF QUENCHING 
Cast components made of duplex stainless steel are used in the primary system of Pressurized Water 

Reactors. These austeno-ferritic stainless steel components are susceptible to thermal aging embrittlement and 
they contain small shrinkage cavities due to the manufacturing process. Even if the behavior of aged 
austeno-ferritic stainless steel components remains ductile, their toughness decreases and residual stresses are 
likely to contribute to tearing initiation. The cast stainless steel components are delivered in the as quenched 
condition. This annealing heat treatment induces high level of residual stresses. Some cast stainless steel are 
submitted to a stabilizing heat treatment at 400°C (e.g. pump casing) which removes peak stresses but the 
complete removal of the residual stress on this cast austenitic stainless steel can only be obtained by treatments 
at higher temperatures which are not recommended due to the risk of sensitization. Therefore residual stress 
fields have been taken into account in integrity analysis, the problem being how to account for residual stress 
fields in numerical analyses. Two types of residual stress computations were conducted by FRAMATOME-ANP: 
an empirical approach in which measured residual stress fields were reproduced through a thermoelastic 
computation and a direct simulation of the quenching process. 

3.1 Empirical residual stress simulation 
To simulate the presence of these residual stresses, a radial distribution of temperature which generates 

thermal stresses close to the measured residual stress (or theoretical as in Fig. 5) profile. This type of fit is much 
better that a simple polynomial fit for two reasons: the thermal stress functions are more suited than a 
polynomial fit to represent residual stress distributions and only one type of stress distribution is needed (axial or 
circumferential). This approach was developed by Framatome-ANP within the framework of the analysis of a 
burst test of a tin in the presence of residual stresses. This method gives satisfactory results for a field of stresses 
generated by the water quenching, as it is shown in Fig. 5 for a ring. The following residual stress profile is 
obtained: 
� Finite Element longitudinal and circumferential stresses identical, 
� tensile stress at mid-thickness, 
� compressive stresses at the outer and inner surfaces. 

The same approach has been applied to 3D models of cracked elbows. 
 

 

F.E. longitudinal stress 

F.E. circumferent. stress 

Theoretical profile 

Measured profile 

 
 

Fig. 5. Residual stress profiles trough the thickness of a ring: measurement  
and axisymmetric computation fitted on a theoretical profile 

 
This approach is limited to the geometries on which stress measurements have been performed. However 

experimental results have shown that residual stress profiles induced by quenching on elbows are close to those 
found on straight pipes. The measurements throughout the wall thickness used as reference were performed 
using the block removal and layering technique. In this technique blocks are first cut out of the component and 
the relaxation of the strain in the blocks are measured with strain gages stuck on the surface of the blocks. Then 
the distribution of stresses parallel to the surface is measured through the thickness with the layering method 
consisting in following on one side of the block the evolution of the strain when removing material from the 
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opposite face (Legatt, 1978). This approach has been used to check the effect of residual stress fields on the 
crack driving force J. The influence of residual stresses on the crack extension force J, becomes negligible when 
the cracked ligament has been yielded completely, that is when the applied load exceeds the limit load of the 
cracked cross section (Gilles, 2002). 

3.2. Direct simulation of the residual stress fields induced by quenching 
Numerical simulations of the quenching process have been conducted on cast stainless steel elbows and 

nozzles. The elbow computations have shown that residual stress profiles are quite similar in pipes and elbows of 
identical cross section (Dupas, 1986). In the case of a 12” inclined nozzle, the empirical approach was 
unthinkable; therefore a detailed simulation of the quenching process has been conducted. 

These nozzles have been cast in one piece and then were submitted to an annealing heat treatment. This 
treatment consist of heating up to 1120°C, maintaining this temperature for 8 hours and then quenching by 
diving the part in water at room temperature. This heat treatment allows eliminating all the precipitates and 
phases formed during the slow cooling of the solidification process. Then the component is machined to its 
design dimensions. The inner and outer walls of the nozzle areas which have not been machined have been 
grinded by successive steps up to 5 or 10 mm. 

Material characteristics were determined between 20°C and 1200°C from some data on austenic-ferritic 
stainless steels available in the literature, and data on austenitic stainless steels issued from standards (RSEM, 
1997) and in-house characterizations. For thermal expansion coefficient and density of the cast stainless steel, 
corrections have been on austenitic stainless steel values to take into account the ferrite content. An important 
work has been made for determining tensile stress-strain curves. The tensile stress-strain curves at 20°C and 
350°C of the cast stainless steel issued from RSEM have been lined up with the values measured in the 
acceptance tests (309 MPa at 20°C, 218 MPa at 340°C) and between these temperatures linear interpolation has 
been applied on stress/yield stress ratio values at given plastic stain value. For temperatures higher than 340°C, 
the yield stress variation with temperature has been derived from results on grade Z2.CND.17-12 nitrogen 
strengthened austenitic stainless steel. Between 350°C and 1000°C, the stress-strain curves are derived from the 
curve at 350°C, results of in-house characterisation and a scaling technique on stress/yield stress ratio values. 
Beyond 1000°C, a linear strain hardening has been considered. 

The main problem encountered in the quenching simulation was the determination of the heat exchange 
coefficient. Natural convection has been considered from 20°C to 105 °C. At higher temperatures, the selected 
heat exchange coefficient values are those obtained in an experimental study of steel pipe quenching. 

 
Temperatures (°C) 20 30 40 110 267 467 1120 
Heat exchange  
coefficient (W/m2.°C) 0 559 625 1600 6000 6000 1500 

 
Table 1: Main variations of the thermal exchange coefficient 

 

Fig. 6a Mesh of the saddle of the 12” inclined 
 nozzle 

Fig. 6b Mesh of the up-stream part of the 
 corner nozzle and measurement 
 locations on inner wall 
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For symmetry reasons, half a nozzle has been modelled. Temperatures have been computed on a linear mesh 
while thermomechanical computations were conducted on a quadratic mesh containing 4214 elements (Fig. 6a). 

The quenching has been modelled as a one second thermal shock from 1120°C to 20°C applied on the whole 
nozzle followed by a hold-down at 20°C. Temperatures have been computed considering non linear temperature 
dependence of the material characteristics and very fine steps have been considered at the beginning of the shock. 
Very strong temperature gradients appear on few millimetres under the surfaces up to 500s. Then, the whole 
nozzle, except the very thick upstream corner area is cooled down. In that area, temperature profiles are non 
symmetrical in the thickness as in pipe sections. 

The thermoplastic incremental computations were conducted using a von Misès isotropic yielding model 
and considering a small displacement hypothesis. The machining and grinding processes have been simulated by 
setting down the Young’s modulus value to zero at the end of the thermoplastic computation. On the inner wall 
this procedure has been applied in three steps on the three layers of elements. The residual stress fields do 
correspond to the end of this final part of the simulation. Close to the wall and in the mid thickness zone, the 
material has been yielded. In all trough thickness sections, the stress distributions are typical of those found on 
structures under thermal shock: all shear stresses are zero (therefore axial and circumferential stresses are 
principal stresses). Radial stresses trough thickness are close to zero, except in zones where cross section shapes 
are changing fast as in the corner area. 

Special attention has been paid to the residual stress profile in the corner nozzle, area of high stress 
concentration under in-service loadings. On a scale 1 mock-up residual stress measurements were performed by 
TWI using the surface Hole Drilling method, giving residual stresses at a depth of 0.5 mm below the surface. We 
will concentrate on results relative to the up-stream part of the nozzle corner. Figure 7 compares measured and 
computed stress profiles on the inner wall. 

RESIDUAL STRESSES in a CAST QUENCHED NOZZLE 
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Fig. 7 Measured and computed principal stresses as a function of the curvilinear abscissa 

along the up-steam nozzle corner 
 

The maximum measured values have to be compared to the computed longitudinal stresses, which presents 
the same profile, but with values lowered almost by 300 MPa! The minimum measured values corresponding to 
the circumferential direction have a bell-shaped profile like the measured longitudinal stresses but which differs 
totally from the flat profile of the computed circumferential stresses. The computed circumferential stress values 
are lying between -300 and -400 MPa, but the measured corresponding vales in the corner are highly tensile! On 
the downstream corner area, measured and computed stress profiles are similar, but a same difference of about 
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350 MPa is found. Some measurements have been made far from the corner area and their values were also 
about 300 MPa higher than the computed values in both directions. 

A lot of care has been taken in determining material properties and in boundary conditions. However due to 
a lack of data, the strain hardening has been considered as isotropic (which may explain the high level of 
computed stress absolute values) and the heat exchange coefficient deduced from a pipe quenching test. 
Therefore, a detailed sensitivity analysis was conducted on the heat exchange coefficient variations during 
quenching and on the type of cyclic strain hardening (isotropic or kinematic). The value of the heat exchange 
coefficient h has a strong influence on the residual stress level (Fig. 8a), but out of the corner zone! In the current 
zone, a low h value which could be representative of a film boiling phenomenon reduces the difference between 
computed and measured stresses. However the computed circumferential stress profile remains flat and the 
values are even 50 MPa higher than that obtained with a high h value. The computational results obtained with a 
kinematic strain hardening hypothesis reduces the gap with the measured values (Fig. 8b), and this is also true in 
other zones. However, computed residual stresses at the inner surface are highly compressive and on the 
upstream corner, the computed circumferential stress profile does not match at all the measurements. 

 
QUENCHING of a CAST STAINLESS STEEL  NOZZLE
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Fig. 8a Influence on exchange coefficient on 
computed residual stresses (MPa) 

Fig. 8b Influence on plastic behaviour law 
on computed residual stresses (MPa) 

 

QUENCHING of a CAST STAINLESS STEEL  NOZZLE
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Fig. 9 Computed principal stresses distribution trough the thickness in the up-stream nozzle 

corner cross section 
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Figure 9 shows that on the inner wall, computed residual circumferential and longitudinal stresses are 
compressive over about 60 mm, like observed on pipes and elbows. 

In a previous study on residual stress induced by quenching in a duplex cast stainless steel pipe a reasonably 
good agreement had been obtained in the pipe thickness between measured and computed hoop stresses. The 
quenching parameters considered in the analysis were nearly the same than those of the cast nozzle and 
destructive measurements had provided the trough thickness stress profiles, which was in total disagreement 
with surface hole drilling residual stress measurements. Therefore finer removing of material for the stress 
profile measurements were decided (Faure, 1996) and their results evidenced the existence of a very steep stress 
gradient on 1 mm below the surface from 180 MPa to -165 MPa on the surface. The simulation of quenching and 
machining had been unable to deliver such a gradient, but the quenching simulation gave rather satisfying results. 
For the nozzle, trough wall measurements have not been made, therefore only a more representative computation 
of residual stress induced by machining could explain the observed discrepancies. This study is presented in the 
following paragraph. 

4. NUMERICAL SIMULATION OF MACHINING AND GRINDING 
Sensitivity analyses on quenching simulation could not explain the large discrepancy found on the nozzle 

corner inner surface between measured tensile residual stress distributions and computed compressive residual 
stress distributions. To resolve this problem is important for example to know what values have to be taken into 
account in fatigue analyses, and especially to validate the simulation of the manufacturing process. 

4.1. Numerical simulation of heat input due to machining 
Observations made on the influence of surface treatment on residual stress fields have shown that grinding 

such as applied to the nozzle corner, induces tensile residual stress in the thickness up to a 5 mm depth. This 
grinding is characterized by a significant heating up. This heat input is ignored in simulating machining by a 
simple material removal. The new simulation of the nozzle manufacturing; contains three phases: 
� Simulation of the quenching by a steep cooling shock as detailed in the previous paragraph, but using a 

kinematik strain hardening model. 
� Simulation of the heating up induced by the machining process by applying a hot thermal shock. 
� Simulation of the material removal by decreasing to zero the Young’s modulus value. 
The temperature gradient and the thermal shock location have been fitted to reproduce the surface stresses 

measured on the nozzle corner. For the machining out of the nozzle corner area a 2 seconds temperature increase 
from 20°C to 75°C followed by a 2 second cooling down to 20°C have been applied on the whole inner surface 
of the nozzle. The heating up due to grinding in the nozzle area is modelled by a 2 second heating from 20°C to 
175°C followed by a 2 second cooling down at 20°C in a 69 mm large band as shown on Figure 10. 

 

 
Fig. 10 Location of the temperature gradients used in the grinding simulation 
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The changes on the residual stress fields induced by the heating-up on the surface of the up-stream corner 
are illustrated on Figure 11. The stress level is increased by 200 to 300 MPa in the corner area. The increase is 
higher in this area where the applied temperature gradient is higher, which do correspond to the difference in 
grinding process in that area. The good correlation with the stress measurements observed in Figure 13 shows 
that the fitted values of the thermal gradients and of the zones of application are appropriate. The results obtained 
on the down stream of the nozzle are not presented here, since no correction accounting for the heating-up as 
been applied to this zone. In this area, stress relief occurs, but the agreement with measured stresses is poor even 
if the discrepancies are much lower than without applying any heating-up on the surfaces. 

Cast nozzle residual stresses after quenching
or quenching + grinding
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Fig. 11 Influence of the heating-up induce by grinding on residual stresses 

in the inner wall of the up-stream part of the nozzle 
Cast nozzle: residual stress after quenching 

or quenching and grinding
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Fig. 12 Influence of the heating-up induce by grinding on residual stresses distributions 

through the thickness in the up-stream nozzle cross section 
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The applied hot thermal shocks give tensile residual stress fields in the thickness on the 5 first mm below the 
surface in the up-stream nozzle cross section (Fig. 12) as observed in grinding experiments. It may be seen on 
this figure, that the heating-up at the surface reduces the tensile stresses. However, the stress profile remains of 
the same type. This reduction of the residual stress level corresponds to a stress relaxation. This relaxation reduces 
also the distortions of the nozzle. 
 

Comparison of maximum principal stress 
quenching  or quenching + fitted heating-up (grinding effect) 
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Fig. 13a Measured and computed (after 
quenching and after quenching and 
grinding) maximum principal stresses 

Fig. 13b Measured and computed (after 
quenching and after quenching and 
grinding) minimum principal stresses 

 
These figures show a good agreement between computed and in-surface measured residual stresses. This is a 

result of a full simulation of the manufacturing process: quenching followed by machining and grinding of this 
component. 

4.2. Impact of hydrotest on residual stress fields 
Hydrostest has been simulated on a whole model of the nozzle including saddle and connecting pipes 

presented in Figure 14. The values of the connecting pipe lengths have been fixed to avoid any interaction effects 
with the end forces. The mesh of the new model contains 42331 linear elements. 

The first step consists in the transfer of the results obtained on the saddle for quenching, machining and 
grinding simulation to the whole model. Residual stresses and plastic deformations are projected from the saddle 
to the same part in the new model. A new equilibrium state is computed on the whole model, changing the 
residual stress distributions in the more compliant parts, but not in the up-stream nozzle corner. Then, pressure is 
applied step by step onto the internal surface up to 1.8 times the design pressure which makes 31.05 MPa. This 
value is applied in the hydrotest of cast components at ambient temperature (RCC-M B5000, 2000). In the end, 
pressure is decreased to zero to get the residual stress fields after hydrotest. These computations are based on a 
von Misès yielding criterion, a kinematic strain hardening model material behavior law and on the small strain 
hypothesis. 
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Fig. 14 Mesh of the entire nozzle 

 
After hydrostest, residual stresses are relieved as shown in Figures 15a and 15b. The importance of this 

relaxation depends on the initial residual stress level and on the local geometry. The stress relaxation is the 
highest in the up stream part of the nozzle corner which is the most yielded under pressure increase. Eventually, 
the residual stress level does not exceed 80 MPa in the up stream part of the nozzle corner. 
 

Cast nozzle: hydrotest effect on the maximum principal stress
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Cast nozzle: hydrotest effect on the minimum principal stress
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Fig. 15a Effect of hydrotest on maximum 
 principal stresses 

Fig. 15b Effect of hydrotest on minimum 
 principal stresses 

 
More details on the 3D finite element techniques used to simulate the whole manufacturing process of this 

cast duplex stainless steel nozzle as well as computed distortions and residual stresses during manufacturing and 
after hydrostest will be presented in a near future (Duranton, 2007). 

5. CONCLUSIONS  
These three types of analyses illustrate the importance of simulating the manufacturing processes for 

computing realistic residual stress fields. The simulation of a DMW welding has given excellent results provided 
that material characterization of the weld filler material is taken with great care, each elementary step of the 
mock-up manufacturing procedure is simulated and that all passes are computed. Simulating the quenching 
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process is much easier and gives reliable results. The more difficult task remains the machining or grinding 
simulations, since in many cases, the machining or grinding conditions are not well known. However, it has been 
observed in the welding and quenching analysis that surface measured residual stresses are essentially the result 
of machining or grinding, therefore such measurements cannot be used to infer residual stress distribution 
through the thickness. On the other side, welding or quenching simulation is of no help for the evaluation of 
surface residual stress fields, which play a determinant role in corrosion and fatigue initiation. More effort in the 
simulations should be devoted in surface state characterization and estimation of residual stress due to machining 
and grinding. 
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