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ABSTRACT 

Reheat cracking is associated with the formation of creep damage due to the relaxation of welding residual 
stresses. A major programme of work was started to help understand the risk to austenitic structural welds 
in the nuclear power plants from reheat cracking. Reheat cracking in the Heat Affected Zone of austenitic 
stainless steel weldments is being studied intensively, where finite element models have been developed to 
simulate accumulation of creep damage and give a prediction of cracking, in order to support plant life 
extension.  

This paper describes a finite element model established to give prediction in reheat cracking 
initiation following the EDF Energy internal procedure R5 guidance. Sensitivities in the resulting 
predictions in relation to the applied material models and reheat cracking theories are discussed.  

Validation to the numerical model is provided by a thermal soaked test on a mock-up specimen and 
the corresponding post-test metallurgical analysis. Further validation is carried out using the Small Angle 
Neutron Scattering (SANS) technique. The degree of cavitation (6-300 nm diameter in size) in two welded 
specimens made from the same parent material, welded under low and high constraint in the thermal soaked 
test have been measured. SEM analysis was also conducted to complement the findings from the SANS 
experiment.  

INTRODUCTION 

Components under considerations are stainless steel components manufactured from thick plates (from 1 
to 3 inches thickness) and multi-pass non-stress relieved weldments. In particular, some of these 
components contain highly constrained attachment welds, which are considered susceptible to reheat 
cracking.  

A mock-up was constructed of a 316H thick section forged block, welded to a cylindrical header 
which was intended to represent a highly constrained geometry, similar to plant components (see Figure 1). 
The geometry of the mock-up are given in Figure 2. The highest constrained welds in the mock up (Weld 
3 in Figure 2) were expected to have a greater risk of cracking than typical welds on plant.  
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Figure 1: Mock-up Being Fabricated at MBESL and Component Identification 

Figure 2: Geometry of mock-up 

Finite element analyses were carried out in order to simulate and quantify the welding residual 
stress at the highest constrained weld and predict the levels of creep damage accumulated during operation 
at high temperature. Reheat crack initiation assessments were then carried out based on the resulting 
residual stresses from the welding simulation in order to determine the ability to predict reheat cracking 
using numerical methods. 

WELDING PROCEDURE 

The mock-up was manufactured using similar welding procedures as that used in plant construction, as far 
as practicable. Monitoring of the welding process was carried out using an OISEL arc monitor/logger. This 
was used to monitor arc voltage and current which were recorded during welding. In addition, the arc time 
was measured, and the heat input printed for each run.  

Welding of the vertical welds (Weld 3) was started using 2.5mm ESAB OK 63.30 electrodes with 
a weave technique. To complete one layer over the full length of the vertical preparation, the electrode was 
weaved, and between three and five short 40mm runs were required over the length of the preparation. This 
was continued, welding two layers on each side in turn. After two layers of 2.5mm electrodes had been 
deposited, 3.2 mm electrodes were used, with approximately 10 layers being deposited, on each vertical up 
weld. It was noted by the welder that 4.0mm ESAB OK 63.30 electrodes could not be used successfully at 
the currents given on the weld procedure, as this tended to produce a peaky and untidy weld deposit. 
Accordingly, the welder was instructed to revert to 3.2mm electrodes to complete the vertical up welds.  
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MOCK-UP THERMAL SOAK TEST RESULTS 

Thermal soak was carried out for a total of 34,410 hours at 550°C.The test was interrupted at various times 
to allow dye penetrant inspection (DPI) and manual ultrasonic testing (UT) to be carried out. The test results 
are summarised in Figure 3. DPI indications were first detected after 10,518 hours’ soak time, at the header-
side weld toe ‘A’ of Weld 3 and to a lesser extent a toe ‘B’, as in Figure 3. 

Figure 3:  Illustration of the reheat cracking indications in the thermally soaked mock-up 

On receipt of the specimen, destructive examination was then carried out.  Metallographic 
preparation of section r-r showed that the DPI indications at both ‘A’ and ‘B’ toes of Welds 3 were a result 
of intergranular reheat cracks of length ~4mm extending into the header body at an angle of ~45° to the 
header surface, see Figure 4 and Error! Reference source not found. More significant reheat cracks were 
observed running parallel to and at a distance of ~1mm from the header-side fusion boundary. The crack at 
toe ‘A’ extended to a distance of 35mm from the weld toe, compared with a distance of 51mm from the 
weld toe to the root. The corresponding values for the crack at toe ‘B’ were 36mm and 49mm. These cracks 
were not connected to the free surface, although micro-cracking was present in the region between these 
cracks and the 45° surface-breaking cracks.  

a) Toe ‘A’ in section r-r (see Figure 3) b) Toe ‘B’ in section r-r (see Figure 3)

Figure 4: Cracking in the thermally soaked mock-up 
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NUMERICAL SIMULATIONS 

FE Idealisation 

A 2D generalised plane strain model has been created (Figure 5a), simulating a horizontal slice of the mock-
up (representative of a slice through s-s in Figure 2). Only half of the geometry of the mock-up piece has 
been modelled with symmetric boundary conditions applied at the centre line as shown in Figure 5b. This 
is appropriate since the two vertical welds (Weld 3) were manufactured at the same time. Thirteen weld 
beads have been modelled with one bead per layer as shown in Figure 6, based on the weld macrographs. 
After the last bead is laid, the weld cap is removed before the mechanical and creep analyses are carried 
out. The typical element size in the HAZ is about 0.75mm. The model is fixed in the x-direction on the 
block side as shown in Figure 5b.  This boundary condition is considered appropriate in order to simulate 
the additional reinforcement provided by the stiffening plate at the weld slice height, see Figure 1. The axis 
of symmetry of the half model is fixed in the y-direction as shown in Figure 5bError! Reference source 
not found.. 

a) 2D FE Mesh at Weld 3 b) Boundary Conditions in FE Model

Figure 5: 2D Finite Element model  

Figure 6:  Weld bead idealisation (Weld cap removed at the end of bead deposition) 

Thermal and Mechanical Properties 

The thermal properties used in the models are taken from EDF Energy internal material property database. 
Mechanical properties (i.e. Young’s modulus and Poisson’s ratios) are taken from the EDF Energy 
determined properties for aged materials of similar components. Constant values are used for the 
temperature dependent material properties when the temperature is higher than 1400°C, which is the 
melting temperature for 316H. 

A combined isotropic-kinematic hardening model was fitted to VORSAC project cyclic testing 
data. The material yield strength and isotropic hardening parameter Qinf were then adjusted to match the 
room temperature 1% tensile strength for the ex-service header parent material determined from testing. 
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Weld properties taken from EDF internal material property database. In the current study, two staged 
annealing of the melted weld/parent material at 800/1400°C has been used. 

Welding Stress Analysis 

A block dump technique is applied in the thermal analysis. It should be noted that during the manufacture 
of the mock-up specimen, multiple short runs were made over the length of preparation for each pass.  In 
order to adequately quantify the additional start / stop effect of these additional short runs, a full 3D model 
would be required.  The welding residual stress distribution from the present work therefore is unable to 
include these effects.  

The heat input parameters for thermal analyses are given in Table 1. The electric current range 
indicated in the welding procedure for the individual electrodes have been referred to, while the ratio of 
A/E was adjusted in the range of 10 to 20 to meet the recorded heat input and the melt pool geometries 
determined from the  macrographs.  

Table 1: Weld Simulation Heat Input Parameters 

Bead 
No. 

Electro
de Size 
(swg) 

Eletrode 
Dia D 
(mm) 

Modelled 
Bead Cross-
sectional 
Area 
Ab(mm2) 

Current 
(Amps) 

Voltage 
(V) 

Efficie
ncy 

Power 
(kW) 

Torch 
Speed 
(mm/s) 

Electric 
Heat 
Input 
(kJ/mm) 

A/E 

Ratio of 
Deposited 
Weld to 
Molten 
Material 

1 12 2.5 34.4 90.00 26.73 0.85 2.41 1.05 2.29 15.00 155% 

2 12 2.5 33.2 85.00 26.56 0.85 2.26 1.13 2.00 16.60 156% 

3 10 3.2 37.9 90.00 26.73 0.85 2.41 7.30 3.30 11.50 177% 

4 10 3.2 51.6 100.00 27.03 0.85 2.70 7.86 3.44 15.00 155% 

5 10 3.2 39.6 90.00 26.73 0.8 2.41 7.29 3.30 12.00 164% 

6 10 3.2 46.1 100.00 27.03 0.85 2.70 8.21 3.29 14.00 175% 

7 10 3.2 51.2 100.00 27.03 0.85 2.70 7.92 3.41 15.00 159% 

8 10 3.2 55.5 100.00 27.03 0.85 2.70 7.31 3.70 15.00 160% 

9 10 3.2 61.1 100.00 27.03 0.85 2.70 6.64 4.07 15.00 153% 

10 10 3.2 66.5 100.00 27.03 0.85 2.70 6.10 4.43 15.00 149% 

11 10 3.2 58.8 100.00 27.03 0.85 2.70 6.44 4.20 14.00 160% 

12 10 3.2 80.6 110.00 27.32 0.85 3.01 6.26 4.80 16.80 152% 

13 10 3.2 93 110.00 27.32 0.85 3.01 6.20 4.85 19.20 150% 

A temperature dependent heat transfer coefficient function has been applied to the external surfaces 
of the model including the individual bead surface for the corresponding pass. A radiation emissivity of 0.4 
has been applied to all external surfaces.  

Figure 7: As-welded residual stress components without weld cap 
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The room temperature welding residual stress components, following removal of the weld cap, are 
shown in Figure 7.  

Thermal Soak Creep Analysis 

Generalised plane strain with reduced integration quadratic hybrid elements CPGE8RH were used in the 
FE stress analyses. No mechanical load has been applied. Creep analysis was carried out at a temperature 
of 550°C for 35,000 hours. 

RCC-MR empirical law has been used for primary and secondary creep deformation behaviour of 
type 316 material. The deformation was modified to include a tertiary phase by a factor 1/(1-D3), where D 
is the creep damage.  

Creep damage was determined using ductility exhaustion, where the lower bound rate dependent 
ductility for 316H parent materials derived from creep tests on ex-service header material. The lower shelf 
uniaxial creep ductility in the rate dependent model was set to 0.9% and has been used for the parent and 
Heat Affected Zone (HAZ). A fixed ductility of 3.5% was used for the weld metal and melted parent 
materials.  

Creep damage was evaluated considering the effects of multi-axial stress state on creep ductility, 
where high constraint/triaxiality reduces the creep ductility. The stress dependence of the ratio of multiaxial 
to uniaxial ductility is described by the Spindler Fraction. The creep damage parameter D is assumed to be 
zero at start of the thermal soak, and reheat cracking is predicted to initiate when the multiaxial ductility is 
exhausted, and D reaches unity. 

Numerical Simulation Results of the Thermal Soak 

The creep damage contours are given alongside the corresponding Von-Mises stress contours at various 
times during the thermal soak simulation in  
Figure 8. At about 4,600 hours thermal soak time, indications of high creep damage (>0.99) at integration 
points along the header fusion boundary appear both close to the weld surface and also at one third of the 
weld depth. At about 7,500 hours thermal soak time, the areas of high creep damage (>0.99) near the weld 
surface and at one third the weld depth, become much more pronounced in the contours, with significant 
welding residual stress relaxation observed. According to the thermal soak test records (Table 2), at 4,274 
hours and 7,621 hours, the test was interrupted and the specimen inspected. No surface breaking indications 
were recorded following Dye Penetration Inspection (DPI).  

Subsequent inspections corresponding to a thermal soak time of 10,518 hours found significant 
surface defects (6~90mm intermittent) at both weld toes of Weld 3 while ultrasonic inspection revealed 
intermittent indications below the reporting threshold after thermal soak time of 13,880 hours. In 
comparison, the numerical prediction indicates widespread creep damage (>0.99) from the weld surface to 
more than half of weld depth after about 10,000 hours.  

At the end of the 35,000 hour thermal soak time, the numerical model predicts an area of significant 
creep damage (>0.99) at the header fusion boundary about 24mm deep from the weld toe (about 53% of 
the weld depth).  Destructive metallurgical testing on the thermal soak specimen found a subsurface defect 
at the header interface about 35mm deep from the weld toe (about 68% of the weld depth), as shown in 
Figure 4. Although the numerical model predicts widespread creep damage (>0.99) from the weld free 
surface to half way through the weld depth, the destructive metallurgical test showed no connection between 
the sub-surface defect to either the free surface or the reported crack at the weld toe.  Whilst this suggests 
that the model is currently over-predicting the extent of creep damage, this is considered due to the fact that 
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(a) 4462 hours (b) 7367 hours

(c)10426 hours (d)13780 hours

(e)18337 hours (f)26042 hours

(g) 34190 hours

Figure 8: Welding residual stress (Von-Mises) contours and creep damage contours at various times 
during thermal soak simulation 

Table 2: Summary of NDT Results for Thermal Soak Specimen 
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stress relaxation following reheat crack initiation has not been modelled in the current analysis.  
Additionally, the predicted length of the subsurface cracks from the model is less than those recorded from 
the thermal soak specimen.  The source of this difference is considered likely due to creep crack growth 
during the thermal soak test which is not included as part of the numerical simulation. 

The predicted average creep damage in the worst element at one third of weld depth (reaches unity 
at about 5,000 hours. The creep damage in the worst element near the weld surface, which is at a line about 
45° to the weld surface, also reaches unity again at about 5,000 hours. Compared with the DPI inspection 
results on the surface defect, considering the time it would take for the creep cavities to develop into 
detectable creep crack, the current reheat crack initiation model is well validated by the thermal soak test 
results.  

SANS VALIDATIONS 

SANS Measurements of Creep Cavitation 

The development of creep cavitation is a useful indicator of creep damage but is difficult to determine using 
conventional microscopy as the cavities and carbides are too small. Small angle neutron scattering (SANS), 
was used to measure the degree of cavitation (6-300 nm diameter in size) in a sample of Weld 3 after the 
thermal soak test. SEM analysis was also conducted to complement the findings from the SANS experiment 
(not shown). 

For the purpose of the SANS and SEM measurements, three 1mm thick slices, adjacent to each 
other, were removed parallel to the weld fusion boundary in the HAZ region of specimen Weld 3 at 
distances of 4.1mm, 5.2mm and 6.3mm from the weld fusion boundary. This was close to the fusion 
boundary whilst avoiding intersection with the cracked areas of the thermally soaked specimen. The SANS 
measurements were carried out with the support of Open University, on the SANS2D small-angle scattering 
instrument at the ISIS Pulsed Neutron Source at the Rutherford Appleton Laboratory.  

In order to measure the creep cavities along the crack in specimen Weld 3, sixteen positions at 3mm 
intervals along the Slice 1 were marked up for the measurements. In addition, two positions were examined 
away from the crack/weld fusion boundary in Slice 2 and Slice 3, near the middle of the weld and at the 
root. These positions for Weld 3 are shown in Figure 9. 
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Figure 9: Schematic presentation of the SANS measurement positions in specimen Weld 3 a) top view of 
the measurement windows, overlaid against the weld macrographs and b) side view of the 
measurement windows (as in front of the SANS beamline). 

Analysis of SANS Data 

A fraction volume distribution of cavities may be interpreted as the ‘relative’ fractional volume distribution 
due to creep induced cavities alone, by subtracting a far-field measurement that is due to other precipitates, 
with no cavities present. The far-field measurement was taken from similar measurements in the HAZ of a 
weld from the mock-up showing particularly low numbers of cavities (Weld 4). By dividing this by the 
contrast factor for cavities, the ‘true’ fractional volume distribution of cavities, C(D), can be calculated. 
The above approach can be used to determine the ‘true’ fractional volume distribution of cavities, C(D), at 
each measurement position. The fractional volume distribution of cavities measured by SANS at different 
positions along Weld 3 Slice 1 (parallel to fusion boundary) is shown in Figure 10. 

Figure 10: Fractional volume distribution, C(D), of cavities measured by SANS at different positions 
along slice 1 (parallel to fusion boundary) 

Further, the number density Nd(D) of defects with diameter in the range D to D + D can be 
calculated from the relation Nd (D) = C(D)/Vsph(D) where Vsph(D) is the volume of a spherical defect of 
diameter D (= πD3/6), and Nd(D) is the number density per unit of D3.  

From Figure 10 measurements of the measured size distribution exhibits two populations of 
cavities, a population of smaller cavities under 130 nm in size, and a population of larger cavities 130-300 
nm in size. In order to estimate the number density of cavities from the above relation, in a given diameter 
range in the size distribution, the integral over C(D) in each peak has been determined and divided by the 
corresponding mean diameter of the peak. 
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The variation in the mean size and the number density of two populations of cavities, (those less 
than 130nm and in the range 130nm-300nm) were quantified and are presented in Figure 11a and b 
respectively for positions along the crack. It is seen that, the smaller sized cavities have a higher number 
density compared with the larger sized cavities. Also, it is seen that the number density of the larger 
population of cavities increases approaching the weld toe. 

It is hypothesised that the larger SANS cavity population in the range 130nm-300nm may correlate 
with significant creep damage. Comparison of the FE predicted Weld 3 creep damage along a similar slice 
to the SANS measurement plane is presented in  

Figure 12. The FE shows the highest damage is predicted in the top half of the weld and less damage 
near the root, with a similar distribution evident for the 130nm-300nm cavity population. 

a) b)

Figure 11: a) Mean cavity size, Dmean (in nm), and b) number density of cavities, Nd(D) (in m-3), for 
two populations of cavities as a function of distance from the weld toe along slice 1. 

Figure 12: Comparison of FE damage predictions and SANS cavity number density along fusion 
boundary. 

CONCLUSION 

The FE predictions of reheat cracking show similar temporal and spatial behaviour to the cracking observed 
in thermally soaked test specimens. Further, measurements on the thermally soaked specimens indicate a 
potential correlation of predicted creep damage with measurements of the numbers of cavities made using 
SANS. This provides some confidence in the techniques used for numerical modelling of reheat cracking, 
and the potential to quantify creep damage in austenitic material using SANS.  


