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6. Executive Summary 
 

The residual stress characterization of an engineering component investigated with a number of 

neutron strain scanning instruments is reported. The work is carried out on an industrial welded steel 

pipe supplied by EDF for power generation application to showcase the use of the Neutron Quality 

Label (NQL) for residual stress measurements, which in itself comprises common calibration protocols 

and a reporting template as described in a previous report and publication [1,2]. This work highlights 

the value of a reporting standard in the NQL framework for repeatability of experiments and 

traceability of results, which is paramount for improving industrial confidence on the technique and 

interchangeability of neutron instruments (i.e. collaborative development, as described in D2.8: 

‘Report on lessons learned from engineering and deuteration pilot’). The particular selection of the 

component represents a case that is widely found in the energy and transport sector, showcasing the 

high-relevance of the neutron diffraction technique for industrial applications.   

The result shows very good agreement between the instruments, confirming previous round robin 

activities and quantification of positioning accuracies. The results imply that, despite having different 

specification (e.g., spatial resolution, flux, etc.) and/or underlying principles (e.g., monochromatic and 

time-of-flight technique), the instruments render complementary and interchangeable results, and 

perusing of continuation of investigations on different instruments that conform to the NQL 

methodology. That being said, matching the study case with the most suitable instrument will optimize 

the beam time allocation in neutron facilities, therefore emphasizing the need of a support network 

of neutron strain scanning instruments towards sustainable users’ access.  
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7. Introduction 
 

Neutron strain scanners are available across Europe and beyond, providing academia and industrial 

users with a powerful technique that enables spatially resolved non-destructive characterisation of 

bulk residual stresses in engineering components and materials. Recently, through the BrightnESS
2
 

project Work Package 2, the Neutron Quality Label (NQL) for internal stress characterisation 

methodology was proposed as a quality standard for the verification of neutron strain scanner 

performances within the international neutron landscape. It was built upon the previous 

standardisation projects (VAMAS TWA 20, RESTAND) and the existing ISO 21432:2019, with now more 

precise details and emphasis on:  

a) Harmonising the calibration protocol used to facilitate evaluation of the main contributing 

parameters to the positional accuracies of neutron strain scanners, and;  

b) Standardising the reporting of instrument parameters for particular setups or experiments.  

The main objective was to efficiently expand the support network of available instruments and to raise 

confidence with users in the unequivocal utilisation of instruments at different institutes 

collaboratively, notwithstanding inherent instrumental differences between neutron strain scanners. 

As the progression of this harmonisation activity and to highlight its impact, it is imperative to 

demonstrate the interchangeability of neutron strain scanners in measuring real engineering 

components. To achieve this, a representative industrial case was selected for measurement on a 

selection of neutron strain scanners which were the participants of the initial development.  

This document reports the activities, which were carried out to fulfil the Deliverable 2.6 of 
the Work Package 2 of BrightnESS2 project. The main feature of this report is the 
experimental reports following the standardised template determined by the NQL, which 
can be found in the Annex I-III. The findings, especially related to the reliability of the results 
and interchangeability between instruments, are further discussed. More information 
about the basic concept and the importance of positional accuracy in neutron diffraction for 
stress determination, details of the participating neutron strain scanners, and the 
development of a common calibration protocol and reporting standard was presented in 
the previous report and publication [1,2]. 

8. Overview of D2.6: ‘Final report on engineering: Results from experiments with 
industrial partners and Neutron Quality Label applied’ activities 

8.1.  Industrial case 
 

An industrial welded steel pipe, prepared by Électricité de France (EDF), was presented as the study 

case. The aim of the measurement is to investigate the residual stress state within a heat-treated weld 

joint on a steel pipe for high pressure applications. The pipe is typically used in the industry for the 

transportation of high pressure steam or water for power generation turbines. Residual stress 

determination on such welded-pipe joints is an important input for fracture mechanic analysis and 

resolving issues such as stress corrosion cracking. The residual stress is usually analysed using 

predictive techniques (e.g., using physical modelling) and/or experimental techniques (e.g., non-

destructive evaluation such as neutron diffraction). 
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For residual stress investigations, a mock-up of a welded pipe was prepared. The pipe was made of 

fine-grain steel for pressure vessel and piping applications. The outer diameter of the pipes was 356 

mm with a wall thickness of 30 mm. The original length of each pipe was 250 mm that delivered a 

joined pipe with approximately length 500 mm. The pipe was welded with the shielded metal arch 

welding (SMAW) process, using C-Mn-bainite as the filler metal. The post-weld heat treatment (PWHT) 

process, as applied in real applications, was carried out to remove the residual stresses within the weld 

joint. The heat treatment was performed by tempering the welded pipe slightly below the Ac1 

temperature. To facilitate residual stress measurement using neutron diffraction, the length of the 

mock-up sample was reduced by cutting the pipe on each side of the weld to produce a final sample 

length of around 148 mm. The stress-free reference sample was prepared by first cutting a coupon 

from an identical mock-up, which underwent a similar heat treatment process. The coupon was then 

wire-cut into a comb-shaped structure to further relax remaining residual stresses. The photos of the 

measured and reference samples are shown in Figure 1.  

 

 

 

Figure 1. (a) Picture and dimensions of the welded steel pipe sample that was measured in this work; 
(b) Stress-free reference coupon 

 

8.2. Measurement 
 

Four neutron strain scanners participated with the initial study (BrightnESS
2
 WP2, D2.1), i.e. ENGIN-X 

(ISIS, UK), MPISI (Necsa, South Africa), SALSA (ILL, France) and STRESS-SPEC (MLZ, Germany). The 

industrial demonstrator has been measured in 3 of them, covering monochromatic and time-of-flight 

instruments. Unfortunately, measurement at STRESS-SPEC could not take place due to an unscheduled 

shutdown of the FRM-II reactor (MLZ, Germany).  

 

All investigations were conducted against a prepared protocol document to ensure a uniform problem 

statement (sample coordinate, measurement location, strain component, spatial resolution, etc.) and 

required experimental parameters (gauge volume size, measured crystallographic reflection, etc.) to 
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reproduce comparable measurements and results. The summary of the problem statement and 

measurement information is shown respectively in Figure 2 and Table 1 with more details available in 

the NQL reports at the end of this document (ANNEX I-III). Figure 3 presents photographs of the sample 

mounted on and measured on the different neutron strain scanners.  

 

The data were treated independently using the different software analysis tools existing at each 

instrument, i.e., Open Genie on ENGIN-X, ScanManipulator on MPISI, and LAMP on SALSA. The 

simulation of residual stresses generated by the welding processes was carried out and provided by 

EDF, and is shown in Figure 4. 

 

 
Figure 2. Summary of the problem statement of the industrial case, showing the reference point for 
the measurement, sample coordinate system and component, and general expected measurement 

positions. 
 

Table 1. Summary of the measurement information. The neutron strain scanners involved in this study 
are referred as Instrument 1, 2 and 3 without any particular order 
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 Instrument 1 Instrument 2 Instrument 3 
Optics for GV definition    

Primary 4×4 mm2  radial collimator 5×5 mm2 slit   4×4 mm2 slit   

Secondary 4 mm radial collimator 5 mm radial collimator 4 mm radial collimator 

Measured reflection  Fe(211) Fe(211) Multiple 

Measurement position    

Across weld (h= 6mm) Yes Yes Yes 

Across weld (h= 10mm) Yes Yes No 

Across weld (h= 15mm) Yes Yes Yes 

Along weld center No Yes Yes 

Reference measurement Hoop  Hoop, Radial, and Axial  Hoop & Radial  

 

 

 

 
Figure 3. Photos of the welded plate sample mounted on (a) SALSA, (b) ENGIN-X, and (c) MPISI 

instrument for the residual stress measurements 
 

 

Figure 4. Simulation of the individual residual stress components across the weld. Simulation 
performed by EDF 

 

8.3.  Reporting 
 

For each measurement, a separate report is produced according to the template defined in the 

previous deliverables [1], and contained in the Annex I-III of this document. The outputs of D2.6 

activities are summarised in this document. Discussion is made on the comparison between the strains 
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and stresses measured by the different instruments, and on how the NQL can benefit both the facilities 

and the industrial users to ensure harmonized methods, traceability and repeatability of a 

measurement and the reliability of the results. 

9. Experiment reports 
 

The individual experiment report is mainly divided into three parts: Introduction, Calibration Report 

and Measurement Report. The first part provides the relevance and the motivation behind the residual 

stress measurement on the sample. This part also includes the preliminary and complementary 

information, for example sample dimensions and materials, manufacturing process, heat treatment 

history, microstructure information. Prior residual stress characterisation or simulations, as well as 

information on the preparation of the d0 reference sample should be included in this section. 

 

The second part provides the calibration report which includes detailed information on the instrument 

setup (monochromator or TOF settings, beam defining optics, detector details, sample manipulation 

types and uncertainties, sample environment, etc.), calibration (beam alignments, reference point 

position), instrument layout, beam characterisation, and powder reference measurement. 

 

The final part presents the measurement report. This gives a detailed description on the respective 

setups of the component and d0 reference sample for measurement on the instrument, including 

gauge volume size, location of the measured points and directions (strain components). Data reduction 

steps are described, including the software package used, the peak fit function, and some illustrations 

regarding the statistics of the signal and the quality of the fitting. Determination of the d-spacings from 

the fitted peak positions is described, including the approach used for determining the d0 reference, 

which then enables determination of the strains. Finally, the resulting residual stresses are presented 

with incorporation of the relevant diffraction elastic constants. Conclusions and remarks are 

presented, which discuss the findings from the investigations, problems related to the measurement, 

and recommendation for further investigation. 

 

Experimental reports from the SALSA, ENGIN-X, and MPISI measurements are presented in Annex I, II, 

and III, respectively. 

10. Discussion 
 

The neutron strain scanners involved in this study followed a common instrument calibration protocol 

detailed in the previous publication [1], ensuring quantification of their positional accuracies being 

within the limit recommended by ISO 21432:2019 (i.e., 10% of the GV width or better). Thus, the 

Neutron Quality Label can be applied to the results and the measurement can be reported following 

the common template. From the three measurement reports, all the necessary information related to 

the instrument setup, measurement procedures, and the data analysis algorithms and details are 

captured. This information aids the interpretation of the results, especially in light of the comparison 

between results from different instruments.  

10.1. Overview of residual stress distribution 
The main output from the neutron strain scanners is the residual stress values, which can be directly 

used by the industry as an input for component design, materials and manufacturing process 

optimisation, or as a benchmark for simulation. The comparison of residual stress profiles across the 

studied welded pipe at different depths from the outer surface (h = 6, 10 and 15 mm) is presented in 
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Figure 5 to Figure 7. Note that for the comparison, the three strain scanners involved in this study are 

referred as Instrument 1, 2 and 3 without any particular order. For the plotting, the stress values were 

normalised by 0.2% proof stress (which equates to 355 MPa) of the sample material. Also note that 

the comparison between all three instruments was made only for measurement at the depth h = 6 

mm. For the other two depths, Instrument 3 did not have enough flux to penetrate the material and 

to perform the measurement within a reasonable data acquisition time. Detailed measurement results 

is available in Annex I, II and III. 

 

Figure 5 (a)-(c) presents the stresses measured at h = 6 mm and the average stresses from the three 

instruments. From the figure, it can be observed that similar trends are followed for all three 

instruments for each of the measured stress directions. As detailed in Table 2, it can be observed that 

the hoop stress indicates the largest variation compared to the axial and radial components. Residual 

stress variation around the weld (within 20 mm from the weld centreline) is equivalent to ~60-85 MPa 

for a mean residual stress value of ~230 MPa. The variation is lower in the parent material with the 

value ~30-45 MPa for a mean stress of ~80 MPa. For the axial stress, the variation is equivalent to ~40-

55 MPa (mean 190 MPa) around the weld and ~20-35 MPa (mean ~80 MPa) in the parent material. 

The level of variation on radial stress is similar to that of the axial stress. Note that the measurement 

uncertainty is noticeably high in the results of one of the instruments (in the range of 70-140 MPa) 

compared to that of the two other instruments (below 50 MPa).  Factoring the measurement 

uncertainty of each instrument, the general agreement between the results is good. The high 

uncertainty, which is the direct consequences of low data statistics, indicate that the sample geometry 

is within the upper limit of the instrument specification. 

For completeness, the comparison of stress values at h = 10 mm and 15 mm measured from Instrument 

1 and 2 are presented in Figure 6 and Figure 7, respectively. From the figures, it can be observed that 

the agreement between the two instruments is very good. 

 

 

 

 

Figure 5. Stress profiles across the weld at h= 6 mm in (a) axial, (b) radial, and (c) hoop direction. The 
dashed lines show ±1 standard deviation. 
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Table 2. The mean residual stresses and the variation between the stress profiles across the weld 
measured by the three instruments, shown by the average standard deviation at different regions 

along the measurement line  
 

Distance from weld centre (mm) Mean residual stress (Average std. deviation) (MPa) 

Axial Radial Hoop 

Parent 

material 

-60 to -36 44 (21) 10 (29) 57 (44) 

-34 to -26  85 (22) 33 (31) 91 (39) 

Around 

weld 

-24 to -16 103 (41) 43 (54) 141 (71) 

-14 to -6 115 (42) 32 (40) 144 (65) 

-4 to 4 188 (55) 90 (53) 229 (86) 

14 to 6 103 (39) 15 (45) 124 (63) 

24 to 16 93 (52) 31 (53) 120 (75) 

Parent 

material 

34 to 26  104 (24) 28 (22) 76 (33) 

60 to 36 89 (35) 20 (25) 59 (32) 

 

 

 

Figure 6. Stress profiles across the weld at h = 10 mm in (a) axial, (b) radial, and (c) hoop direction 
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Figure 7. Stress profiles across the weld at h = 15 mm in (a) axial, (b) radial, and (c) hoop direction 
 

10.2. Reference values for analysis 
Beyond the fitting uncertainties of the data, different methods in determining the d0 reference values 

and positioning accuracy can significantly contribute to the variation of residual stress values. More on 

this in the following paragraphs. It is also worth noting that there is a slight difference in the GV sizes 

and dimensions used in the three instruments. The method of determining the diffraction elastic 

constant (DEC) i.e., literature vs. calculated using XEC [4], yields similar DEC values, and therefore 

should not affect the stress values significantly.  

 

As can be extracted from the NQL report, three different methods were used to determine the d0 

reference values for strain analysis. The first instrument used the hoop component of the reference 

comb as the d0 gradient values to analyse all three strain components. Considering the geometry of 

the reference comb, the hoop and the radial stress components were assumed to be completely 

relaxed. The second instrument used d0 gradient values calculated from the measured values of the 

reference comb in all three components, under the assumption that that the normal stress (hoop 

component) is zero due to the thinness of the reference comb and thus implementing a biaxial stress 

condition [3]. For the third instrument, strain must be analysed using the sample and the d0 reference 

which were measured by the same detector bank. In this study, the axial strain was analysed using the 

axial component of the d0 comb (measured by detector bank 1), and hoop and radial strain were 

analysed using the hoop component of the d0 comb (measured by detector bank 2).  These different 

approaches can lead to discrepancies in the strain, and thus stress, analysis. As a benchmark, another 

method was introduced by taking a single point from the parent material of the weld from each 

measurement and each component at the different instrument as the d0 value (far-field d0 approach). 

A location at y = -40 mm away from the weld was selected. This approach is purely for comparative 

study purposes and was performed to factor out the uncertainty related to: i) the selection of the 

measured component of the reference comb; ii) the gradient of the d-spacings across the weld. The 

comparison of the strain analysis for h = 6 mm is presented in Figure 8.  
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Figure 8. Strain profiles across the weld at h = 6 mm in axial, radial and hoop directions. The dashed 
lines show ±1 standard deviation. Profiles in (a) to (c) were analysed using different approaches of d0 
determination in each instrument, while (d) to (f) were analysed using the far-field d0 method, where 

a d-value from the parent material (distance = -40 mm from the weld centreline) was used as d0. 
 

 

Figure 8(a) to (c) compares the strain values analysed using the different approaches of d0 

determination on each instrument, as described above. Figure 8(d) to (f) compares the strain values 

calculated using an identical far-field d0 approach for all instruments. It can be observed that, in this 

study case, the use of different approaches in d0 determination did not significantly affect the results 

and thus the agreement between instruments. The use of different approaches yields very similar 

results as to when the same far-field d0 approach is employed for all instruments. For both cases, the 

strain variations are below 150 με for the axial and radial components. The only exception is the slightly 

higher variation on the right side of the weld (positive direction) of the radial component when 

different d0 approaches is used (180 με vs 40 με for the far-field approach). A poorer agreement can 

be observed for hoop component especially around the weld (variation around 300 με), which is likely 

due to the high uncertainty for the measurement in this component (longer neutron path inside the 

sample which increase the noise in the data). The results indicate that the different approaches in d0 

determination yields very similar values.  

Using a single far-field d0 reference for each measurement (i.e., the profile is not affected by the profile 

of the d0 reference), the axial and radial strain profiles in Figure 8(d) and (e) can be used to assess the 
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general positioning accuracy of the measurements. The hoop strain profile in Figure 8(f) was not used 

due to the high uncertainty in the results of Instrument 2. From Figure 8(d) to (e), it can be observed 

that the strain values measured from each instrument followed the trend of the calculated average 

strains. The symmetrical shape of the strain profile around the weld can be clearly observed. This 

indicates the general positioning accuracy is acceptable, especially considering the size of the gauge 

volumes used in the measurement.   

To compare the measured residual stresses against the simulations made for the austenitic steel 

welded pipe, von Mises equivalent stress was calculated. The Von Mises yield criterion (also known as 

the maximum distortion strain energy criterion) is a widely used standard for designing ductile material 

engineering components, indicating failure when this value exceeds the yield limit of the material (i.e. 

plastification). The Von Mises stress (σvM) is a scalar value calculated using Equation (1) assuming σ1, 

σ2 and σ3 are principal stresses. Equation 2 evaluates all possible pairwise stress/strain/lattice spacing 

differences where i and j correspond to a pair of any scattering vector directions (i≠j), E is the Young’s 

modulus, v is Poisson’s ratio, and θ is Bragg peak position (directly related to d-spacing). From Equation 

(2), it can be observed that, for diffraction conditions with 2θ near 90° (thus θ ~45°), the von Mises 

stress has low sensitivity to small deviations of the d0-reference value.  

 

!"# = %
√'((!% − !')

' + (!' − !-)' + (!% − !-)' (1) 

 

 

!. − !/ = 0/(1 + 3) × 56. − 6/7 cot 6; (2) 

 

 

The comparison between measured and simulated von Mises stress at h = 6 mm is shown in Figure 9. 

It can be observed that in terms of trend, the measured residual stresses agree well with the 

simulation. A symmetrical profile can be observed across the weld, with low level residual stress (close 

to zero) present on the parent material and tensile residual stress observed around the weld 

centreline. The measured residual stresses are generally lower than the simulated values. This may be 

attributed to the post-weld heat treatment process (PWHT) which was not included in the model but 

applied to the mock-up sample to reduce residual stress levels. Therefore, the measurement results 

might indicate that the PWHT process successfully reduced residual stresses generated during the 

welding process.  

 

 

Figure 9. Comparison between the measured von Mises stress with the simulated values across the 
weld at h = 6 mm. 
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11. Conclusion 
 

Measurements of a welded steel pipe, representing a common engineering case in industries, have 

been performed on three different neutron strain scanners. Adopted by these instruments, the 

Neutron Quality Label (NQL), which was developed under this BrightnESS
2 

EU project, is attached to 

the measurement result for the first time. The industrial study case is presented as a demonstration 

of the usefulness of the NQL. Several conclusions can be drawn from this work: 

 

 

1. Interchangeability of instruments and sustainable access: The present round robin of an 

industrial case demonstrates the reproducibility of the experiments performed at each 

instrument. There is a high correlation between the results, which provide evidence on the 

interchangeability of results between the instruments as long as the equivalent instrument 

setting is applied and common calibration and measurement protocols are followed. The 

interchangeability of neutron strain scanners for investigations, ensures the continued 

availability of neutron diffraction for residual stress determination to mitigate against 

scenarios where facilities may experience long shutdowns or unscheduled downtime. This is 

an important outcome that underlines the continued availability of this application, via 

networking between validated facilities, to benefit industry in short turnaround times. 

 

 

2. Complementarity of neutron strain scanning suite: While the instruments are 

interchangeable, each has its own specifications (e.g., neutron flux, monochromatic/TOF 

principal, spatial resolution, etc.) which suit certain cases better than others. Here, 

establishment of an advisory group would be beneficial to assist the industries in selecting the 

most suitable instrument for their research problem. 

 

3. Validation of NQL: The results confirm the positioning accuracy quantified in the previous 

publication: the accuracy is within the limit recommended by the standard, and suitable for 

measurement of real engineering components. The standardised template, as a part of the 

NQL, is proven to be useful to ensure the traceability of a measurement. From the final stress 

values, information such as the diffraction elastic constants used, determination of the d0 

reference values, fit of the diffractograms, and ultimately how the experimental and 

instrumental setup was done to produce the data, can be tracked back. From this, 

measurements can be repeated should extended investigations be required. 

 

 

Notwithstanding the significant application value, the NQL now provides for industrial cases, there is 

scope for future work. This includes quantification of the effect of positioning uncertainty has on the 

determined stress, the determination for d0 reference and the measurement of near surface stresses. 

Additionally, establishment of a user advisory group and the benchmarking with other non-destructive 

methods at large scale facilities (e.g., Synchrotron X-ray, Bragg edge imaging) will be pursued through 

other frameworks such as NET and EASI-STRESS [4-5]. 

 

  



 

 

16 | 
BrightnESS

2
 is funded by the European Union Framework 

Programme for Research and Innovation Horizon 2020, 

under grant agreement 823867 

brightness.esss.se 

@brightnesseu 

References 
 

[1] R.S. Ramadhan, S. Cabeza, Pilot project for a Neutron Quality Label for residual stress analysis: 

Development of a Common Calibration Protocol, Grenoble, 2020. 

[2] R.S. Ramadhan, S. Cabeza, T. Pirling, S. Kabra, M. Hofmann, J. Rebelo Kornmeier, A.M. Venter, 

D. Marais, Quantitative analysis and benchmarking of positional accuracies of neutron strain 

scanners, Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. 

Equip. 999 (2021) 165230. https://doi.org/10.1016/j.nima.2021.165230. 

[3] I.C. Noyan, J.B. Cohen, Residual stress : measurement by diffraction and interpretation, 

Springer-Verlag, New York, 1987. 

[4] H. Wern.  Xec Version 1. (2000). Germany 

[5] C. Ohms, R. Martins, O. Uca, A. Youtsos, R. Wimpory, P. Bouchard, M. Smith, L. Edwards, P. 

Gilles, M. Keavey, S. Bate. The European Network on Neutron Techniques Standardization for 

Structural Integrity - NeT. In Conference Proceedings: ASME Pressure Vessels and Piping 

Division, editor. Proceedings of 2008 ASME Pressure Vessels and Piping Conference (PVP 2008), 

July 27-31, 2008, Chicago, Illinois, USA,. New York (USA): ASME; 2008. p. 1-13 (PVP2008-61913). 

JRC44925 

[6] https://cordis.europa.eu/project/id/953219 

 

  



 

 

17 | 
BrightnESS

2
 is funded by the European Union Framework 

Programme for Research and Innovation Horizon 2020, 

under grant agreement 823867 

brightness.esss.se 

@brightnesseu 

Annex 
 

NQL Report 1: NQL-101-0820-0001 

 

NQL Report 2: NQL-102-0820-0001 

 

NQL Report 3: NQL-103-0121-0001 

 

 



 
22/02/2021 

NEUTRON STRAIN CHARACTERIZATION 
REPORT 

NO: 101-0820-0001 

 

 
COMPANY :  The EDF Group 

 
TITLE :  RS Measurement of Heat-treated Weld Joint on Steel Pipe 

 
 

ABSTRACT:  
Industrial demonstrator for the concept of Neutron Quality Label under Brightness2 –

WP2.3 Pilot engineering. Bulk residual stress state within a heat-treated weld joint on a 
steel pipe for high pressure application. Residual stress determination on such welded-

pipe joints is an important input for fracture mechanic analysis and tackling issues such as 
stress corrosion cracking. 

 

INSTITUTE: Institut Laue Langevin 
INSTRUMENT: SALSA 
Address: 71 Avenues des Martyres, Greno-
ble 38000 France 
Date : 14/08/2020 
Ref. N : INTER-495 
Contact : Sandra CABEZA (cabeza@ill.fr) 

 

 
COMPANY: The EDF Group 
Address: Laboratoire de Soudage et de-
Fabrication Additive 6, quai Watier 
78401 Chatou Cedex 
Contact: Vincent ROBIN  
(vincent.robin@edf.fr) 

 
 

Document Distribution 

 

 

Mail distribution 



 1/17 NQL  n° 101-0820-0001 at SALSA - ILL     

The NQL trademark is supported by BrightnESS², a European Union project within  
the European Commission's Horizon 2020 Research and Innovation programme under grant agreement N°823867. 

 

 

 
 

DOCUMENT REVIEWS 

NAME FUNCTION DATE SIGNATURE 

Ranggi Ramadhan (RR) Brightness2 postdoc 
 

 

Sandra Cabeza (SC) 
Brightness2 task manager, 
Local contact 

 
 

Thilo Pirling (TP) Local contact 
 

 

 
 

INDEX DATE MODIFICATION PAGE(S) 

0 28/09/2020 Creation (RR): introduction, material, results  

1 22/01/2020 Instrument calibration (SC)  

2 04/03/2020 Instrument calibration (TP)  

    

    

    

    

  



 2/17 NQL  n° 101-0820-0001 at SALSA - ILL 

The NQL trademark is supported by BrightnESS², a European Union project within  
the European Commission's Horizon 2020 Research and Innovation programme under grant agreement N°823867. 

 
 

 

 

 

 
 

 
1. Introduction ........................................................................................................ 3 

1.1. Aim of the measurement and material ....................................................... 3 

1.2. Preliminary and/or complementary information ....................................... 3 

2. CALIBRATION REPORT ..................................................................................... 5 

2.1. General Instrument set up........................................................................... 5 

2.2. Particular Instrument Calibration for the measurement ........................... 6 

2.3. Comments and related graphs ................................................................... 7 

3. MEASUREMENTS REPORT ............................................................................... 9 

3.1. Specimen and instrumental setup for measurement ................................ 9 

3.2. Peak position.............................................................................................. 11 

3.3. Strain ........................................................................................................... 12 

3.4. Stress .......................................................................................................... 13 

3.5. Reliability of results ................................................................................... 15 

4. CONCLUSIONS AND/OR recommendations .................................................. 16 

ANNEX I. Peak Fitting details ................................................................................. 17 

 
 
 
  

SUMMARY 



 3/17 NQL  n° 101-0820-0001 at SALSA - ILL 

The NQL trademark is supported by BrightnESS², a European Union project within  
the European Commission's Horizon 2020 Research and Innovation programme under grant agreement N°823867. 

 
 

 

 

 

1. INTRODUCTION 
 

1.1. Aim of the measurement and material 
 
The aim of the measurement is to investigate the residual stress state within a heat-
treated weld joint on a steel pipe for high pressure application. The pipe is typically 
used in the industry for the transportation of high pressure steam or water for power 
generation turbine. Residual stress determination on such welded-pipe joints is an im-
portant input for fracture mechanic analysis and tackling issues such as stress corro-
sion cracking. The residual stress is usually analysed using predictive techniques (e.g., 
using physical modelling) and/or measurement techniques (e.g., non-destructive eval-
uation such as neutron diffraction).  
 
Region of interest for the measurement is across the weld and at different depth from 
the tube surface. 

1.2. Preliminary and/or complementary information 
 
For residual stress investigation, mock-ups of welded pipes were prepared. The pipes 
were made of fine-grain steel for pressure vessel and piping application, with ferrite-
pearlite as the predominate microstructure. The outer diameter of the pipes is 356 mm 
with the wall thickness of 30 mm. The original length of each pipe was 250 mm, hence 
the total length of the joined pipe was around 500 mm. The pipes was welded using 
shielded metal arch welding (SMAW) process, using C-Mn-bainite as the filler metal. 
The welding was carried out without buttering.  
 
The post-weld heat treatment (PWHT) process, as performed in real application, was 
carried out to remove the residual stresses within the weld joint, and was performed 
by tempering the welded pipe to slightly below Ac1 temperature. To facilitate residual 
stress measurement using neutron diffraction, the length of the mock-up specimen was 
reduced by cutting the pipe on each side of the weld to produce a final specimen length 
of around 150 mm. The photo of the measured specimen is shown in Figure 1(a). The 
stress-free reference sample was prepared by first cutting a coupon from an identical 
mock-up, which undergo a similar heat treatment process. The coupon was then wire-
cut into a comb-shaped structure, Figure 1(b), in order to further release any remaining 
residual stress. 
 
Simulation on residual stresses generated by the welding process was carried out, 
albeit isotropic hardening model was used instead of kinematic hardening. Additionally, 
the modelling did not simulate the PWHT process. The simulation results of residual 
stress across the weld at 6 mm below the outer surface is shown in Figure 2, where 
the stress in normalised by 0.2% proof stress of the steel.  
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Figure 1. (a) Picture and dimensions of the welded pipe specimen measured in this work; (b) Stress-

free reference coupon 
 
 

 
Figure 2. Simulation on residual stress generated from the welding process. Simulation performed by 

EDF 
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2. CALIBRATION REPORT 

2.1. General Instrument set up 
 

 
Detector nominal values  Units 
Beam ☒ Monochromatic Position Sensitive PSD   
    Distance to Ref. Point 1265.71 mm 
  Area 25 × 25 cm2 
   Pixel size hor./vert. 0.0453 Deg   
  angular range hor./vert 11.2 Deg  

  Other: 128 wires with interpolated to 
256 channels (pixel) 

 ☐ TOF angular acceptance horiz  Deg  
  angular acceptance vert  Deg  
  Distance to Ref. Point  mm 
  Other:   

Monochromator nominal values  units 
  Type: Si-double bend 

  cut 400 hkl 
  hkl used 400 hkl 
 omega angle 36.798/ 39.587 Deg 
 take-off angle 73.529 /79.174 Deg 
  wavelength 1.754 /1.64218 Å 
  curvture  missing m-1 

 distance to ref. point 2.01 m 
  Other: -  
Time of Flight - ToF   nominal values  units 
  total flight path - m 
  wavelength range - A 
  channel width - S 
  inc. beam divergence - Deg 
  Other    
Primary optics   nominal values  units 

☐ slit Primary slit width - PSW - mm 
  Primary slit height - PSH  - mm 
  Primary slit distance - PSD - mm 

☒ collimator horizontal focal distance 370 mm 
   focal width 4 FWHM/ mm 
  vertical focal distance 617 mm 
    focal width 4 FWHM/ mm 
Secondary optics   nominal values  units 

☐ slit Secondary slit width - SSW  mm 
  Secondary slit height - SSH  mm 
  Secondary slit distance - SSD   mm 

☒ collimator horizontal focal distance 503 mm 
   focal width 4 FWHM / mm 
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Sample Stage nominal values  Units 
  Hexapod / XYZ table   
  positioning accuracy 5 μm 
 repeatability 5 μm 
  Other :    
 Omega rotation stage   
 positioning accuracy 0.005 Deg 
 repeatability 0.005 Deg 

 
Other : precession circle at beam 
height Ø200 μm 

  Cradle ±45° Not applicable  
 positioning accuracy   
 repeatability   
  Other : sphere o. conf.   
  Additional rotation stage 360 Not applicable  
 positioning accuracy   
 repeatability   
  excentricity   
 Temperature   
 Room temperature test 25 ± 2 °C 
 Furnace    
 accuracy   
 repeatability   
 Other :   
 Loading rig Not applicable  
 Load range   
 accuracy   
 repeatability   
 Other :   

2.2. Particular Instrument Calibration for the measurement 

Detector calibration Measured values uncertainty units 
  channel width 0.0453  Deg  
  Ref. Detector distance 1265.71  mm 
 Other:    
Beam alignment       
  Foil thickness 0.3  mm 
  Primary beam Position error Not recorded  μm 
   Horizontal 3.760  fwhm / mm 
  Vertical Not measured fwhm / mm 
  Secondary beam  Position error Not recorded  mm 
  Horizontal 4.374  fwhm / mm 

 
Reference position in instrument 
coordinate system (x, y) = (0.002, -0.212) 

 
 Other:     

Instrument wavelength resolution     
  Δd/d = Δ2θ/2θ 0.0036   
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2.3. Comments and related graphs  
Instrument illustration Description 

 

x, y = co-ordinate system of 
the instrument at ω = 0° 
(0, 0) at centre of ω-rotation 

Beam characterization Description  

 

BrightnESS2 Foil & Pin 
sample 
 
Fe foils, 0.3 mm thickness 
 
Foil scan with foils parallel 
with the beam direction 
2θ = 89° 
ω = 0° (primary); 90° (sec-
ondary) 

Reference point determination 
 

Description  

 

BrightnESS2 Foil & Pin 
sample; Fe foils, 0.3 mm 
 
Foil scan along bisectors of 
diffraction angle  
 
2θ = 89° 
ω = 44.5° (top & bottom 
foil) 
 
Offset transformed to in-
strument co-ordinate sys-
tem  
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Powder Reference measurement Description  

  
Fe, λ = 1.642 Å 

 
Cu, λ = 1.754 Å 

Fe powder 
Cu powder 

Pseudo-strain characterization Description  
Not applicable  
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3. MEASUREMENTS REPORT 

3.1. Specimen and instrumental setup for measurement 
Measurement location on the sample is indicated by the white markings shown in Fi-
gure 3(a). The dot represents the weld centre, the positive and negative symbols rep-
resents the scan direction, and the lines act as a guidance for aligning the sample on 
the instrument and to help in determining the measurement scan locations. The stress 
components of interest of the specimen and the reference sample (i.e., axial, hoop, 
and radial) are illustrated in Figure 3(b). Measurements were performed across the 
weld as illustrated by the red dots in Figure 3(c), at the depth h of 6 mm, 10 mm, and 
15 mm from the outer surface.   
 
Gauge volume of 4 × 4 × 4 mm3 was used, produced by radial collimators on both 
primary and secondary beam. The scans across the weld were performed with scan 
range of y = -60 mm to 60 mm from the weld centreline, with the detail for the step size 
is given in in Figure 3(c). The exception was the measurement of hoop component, 
where very poor signal was observed above y = 40 mm due to the long beam path 
inside the specimen material. Measurement of reference sample was performed on 
the middle of each tooth of the comb structure and few points beyond the comb struc-
ture, at 6 mm and 15 mm from the top surface (equivalent to outer surface of the welded 
pipe specimen), Figure 3(d). The measured components were hoop and radial. The 
summary of all measurements is presented in Table 1. 
 
For stress determination, Fe(211) reflection was measured. For the measurement of 
axial and radial component, incident beam wavelength of λ = 1.72 Å was used, and 
the detector angle set up was 2θ = 97°, Figure 4(a) and (b), to allow the Bragg peak 
fall approximately on the middle of the detector. For the hoop component, incident 
beam wavelength was λ = 1.65 Å and the detector angle setup was 2θ = 89°, Figure 
4(c). The change in incident wavelength (and therefore diffraction angle) used for the 
hoop component measurement was to minimise the beam path inside the sample ma-
terial. Measurement of reference sample was performed using both incident beam 
wavelength. 
 
To measure the axial and radial strain component, the specimen was fixed on top of 
the hexapod with the pipe axis in horizontal direction, Figure 4 (a), (b), and (d). Mean-
while, to measure the hoop strain component while minimising the neutron path length 
inside the specimen material, the specimen was tilted, Figure 4(c) and (e). From cal-
culation and several test measurement, the optimum tilt angle was 43° with respect to 
the horizontal plane, for detector position at 2θ = 89°.  
 
Table 1. Summary of the measurement 
 

Component Incident wave-
length (Å) 

2θ (°) ω (°) Reflection Scan range, 
y (mm) 

h (mm) 

Specimen 
Axial 1.72 97 48.5 

Fe(211) 
-60 to 60 

6, 10, 15 Radial 1.72 97 -41.5 -60 to 60 
Hoop 1.642 89 48.5 -60 to 40 

Reference sample 
Radial 1.72 97 

-41.5 Fe(211) 
-36.5 to 29.5 

6, 15 Radial 1.642 89 -42 to 42 
Hoop 1.642 89 -42 to 42 
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Figure 3. (a) Markings on the welded pipe specimen ; (b) Illustration of stress component on the 
welded pipe specimen and the stress-free reference sample ; illustration of the scans within the (c) 

specimen and (d) the reference sample. 
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Figure 4. Schematics of the speciment and instrument setup for measurement of strain in (a) axial, (b) 
radial, and (c) hoop component ; (d) photograph showing the specimen mounted on top of the hexa-
pod with tube axis in horizontal ; (e) photograph of the specimen tilted around 43° to the horizontal 

plane for the measurement of hoop component. 

3.2. Peak position 
The peak fitting was performed using LAMP software [1]. Single peak analysis were 
performed on the Fe(211) reflection by fitting the Bragg peak using Gauss function. 
The examples of fitted Fe(211) Bragg peak from the specimen measurement on axial, 
radial, and hoop component, and the reference sample measurement are shown in 
Figure 5. Note that the total neutron count in each of the peak was 10000 counts. 
Background function, i.e., smoothing of the background minus the peak, were used in 
the peak fitting except for the reference sample data (flat background). 
 
The measured peak positions (in 2θ angle) from the scans on the specimen and the 
reference sample (on different strain components and at different depths from speci-
men outer surface) are plotted in Figure 6. Tabulated data and additional information 
about the fitting output such as peak FWHM and peak height can be found in Annex I.  
 
It can be observed from Figure 6 that the peak positions measured on the hoop com-
ponent gradually moves to lower wavelength for the scan position above 24 mm, only 
on the positive direction from the weld centreline. This asymmetric behaviour was not 
found in the measurement on other components. More importantly, distorted peak pro-
files, Figure 5(e), were observed on the scan positions where the lower peak positions 
were found. Therefore it was concluded that the drop in the wavelength position and 
the asymmetric behaviour observed in the hoop component measurement are not real 
physical reading and rather artefacts of the measurement. Consequently, measure-
ment points above y = 20 mm were not included in the strain and stress calculation. 
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Figure 5. Examples of Fe(211) Bragg peak measured on the reference sample and specimen for dif-
ferent components, and the fitted model. 

3.3. Strain 
Calculation of lattice strain εhkl was performed using Equation 1, where θhkl is half the 
diffraction angle (fitted peak position) of the specimen and θhkl,0 is that of the stress-
free reference sample. Indices i, j, k is the measurement component (i.e., axial, radial, 
and hoop). It was presumed that the hoop component of the reference sample is the 
component which was completely stress relieved, while the radial component only par-
tialy stress relieved since it is normal to the elongated geometry of the comb tooth. 
Therefore, in the present study, the hoop component of the reference sample was used 
to calculate the strain for all three components (i.e., θ0,i = θ0,j = θ0,k).  
 

!"#$(&,(,#) = +
,-./0,123(4,5,2)
,-. /1234,5,2

− 18 (× 10;µ!)	 (1) 

 
The radial component of the reference sample was measured using both incident 
beam wavelength on the same positions, therefore can be used as scaling factor for 
conversion between the two setup. Since the reference sample were only measured 
at h = 6 mm and 15 mm, the θ0 values from the two measurements were averaged to 
get the θ0 values at 10 mm.  Since the measurement points on the specimen and the 
reference sample were different, the θ0 values were interpolated using B-Spline 
method with smoothing, and the scan range for strain and stress analysis was reduced 
to y = -40 mm to 40 mm. The plot of strains as a function of scan position is presented 
in Figure 7. 
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Figure 6. Plot of peak position (in 2θ) as a function of scan position, i.e., distance from weld centre line 
for measurement of specimen on (a) axial, (b) radial, and (c) hoop component, and for reference sam-

ple measurement using incident beam wavelength λ of (d) 1.72 Å and (e) 1.65 Å. 

3.4. Stress  
 
Stresses were calculated using Equation 2, where ε is the calculated strain and the 
indices I, j, k is the strain component (i.e., axial, radial, and hoop). The diffraction elastic 
constant Ehkl = 224 GPa and vhkl = 0.28 were used [1]. The plot of stresses as a function 
of scan position is presented in Figure 8, where the values were normalised by 0.2% 
proof stress of the steel.  
 

>& =
?@AB

(CDE@AB)(CFGE@AB)
H(1 − IJKL)!& + IJKL(!( + !#)N  

>( =
?@AB

(CDE@AB)(CFGE123)
H(1 − IJKL)!( + IJKL(!& + !#)N (2) 

># =
?@AB

(CDE@AB)(CFGE@AB)
H(1 − IJKL)!# + IJKL(!& + !()N  
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Figure 7. Plot of residual strains across the weld at (a) h = 6 mm, (b) h = 10 mm, and 
(c) h = 15 mm.  
 

 
 
Figure 8. Plot of residual stresses across the weld at (a) h = 6 mm, (b) h = 10 mm, and 
(c) h = 15 mm. 
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3.5. Reliability of results 
 
Regarding the calculations, uncertainties were determined in accordance with 
ISO/IEC Guide 98-3 [2]. Additional guidelines taken into account are found in [3]. 

 
[1] T. Gnäupel-Herold, R. Schneider, P. Mikula, S.K. Paranjpe, J. Teixeira, G. Torok, A. Venter, A.G. 
Youtsos, Measurement of residual stress in materials using neutrons, in: Int. At. Energy Agency, 2005. 
[2] ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty 
in measurement (GUM: 1995) 
[3] Taylor B .N., K uyatt C.E., “Guidelines for Evaluating and Expressing the Uncertainty of NIST Meas-
urement Results”, NIST Technical Note 1297 1994; see also http:// physics .nist .gov/ cuu/Uncertainty/ 
index .html  
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4. CONCLUSIONS AND/OR RECOMMENDATIONS 
 
Determination of residual stress across the weld has been reported. Symmetrical, low-
level residual stresses were observed across the weld, near the outer surface. The 
values move closer to zero as the scan moves further away from the outer surface. 
The neutron diffraction results are in good agreement with the previous simulation 
study, with the discrepancies between the two results is likely due to the isotropic hard-
ening model used and the exclusion of PWHT process in the simulation.   
 
The thickness of the pipe presents difficulties during the experiment, especially on the 
hoop strain measurement, since the neutrons need to go through more than 50 mm of 
steel. While tilting the sample was performed to minimise the neutron path inside the 
sample, measurement artefacts were observed in the last few points of the hoop com-
ponent measurement which likely cause the shift in the peak position. Therefore, few 
measurement points were discarded in the stress calculation, which narrows the scan 
range. It is interesting to observe whether this effect is present in the measurement on 
other neutron strain scanners. It is also of interest to measure the through thickness 
stress profile along the weld centreline. 
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ANNEX I. PEAK FITTING DETAILS 
 

 
 
The information regarding the peak fitting result and the calculated strain-stress are 
embedded in the Excel file 

NQL-101-0820-0001
-annex.xlsx
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1. INTRODUCTION 
 

1.1. Aim of the measurement and material 
 
Refer to NQL Report No. 101-0820-0001 

1.2. Preliminary and/or complementary information 
 
Refer to NQL Report No. 101-0820-0001 
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2. CALIBRATION REPORT 

2.1. General Instrument set up 
 

 
Detector nominal values  Units 
Beam ☐ Monochromatic Position Sensitive PSD -  
    Distance to Ref. Point - mm 
  Area - cm2 
   Pixel size hor./vert. - Deg   
  angular range hor./vert - Deg  
  Other:  
     
 ☒ TOF angular acceptance horiz 28 Deg  
  angular acceptance vert 42 Deg  
  Distance to Ref. Point 1500 mm 
 
  

Other: 
  

Monochromator nominal values  units 
  Type:  

  cut - hkl 
  hkl used - hkl 
 omega angle - Deg 
 take-off angle - Deg 
  wavelength - Å 
  curvture  - m-1 
 distance to ref. point - m 
  Other: -  
Time of Flight - ToF   nominal values  units 
  total flight path 51.5 m 
  wavelength range 0.5-4 A 
  channel width 0.0004 S 

  inc. beam divergence 0.2 horizontal/ 
0.6 vertical Deg 

  Other    
Primary optics   nominal values  units 
☒ slit Primary slit width - PSW 4.05 mm 

  Primary slit height - PSH  3.84 mm 
  Primary slit distance - PSD 200 mm 
☐ collimator horizontal focal distance - mm 

   focal width - FWHM/ mm 
  vertical focal distance - mm 
    focal width - FWHM/ mm 
Secondary optics   nominal values  units 

☐ slit Secondary slit width - SSW - mm 
  Secondary slit height - SSH - mm 
  Secondary slit distance - SSD  - mm 

☒ collimator horizontal focal distance  mm 
   focal width 4 FWHM / mm 
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Sample Stage nominal values  Units 
  Hexapod / XYZ table   
  positioning accuracy 2 μm 
 repeatability 2 μm 
  Other :    
 Omega rotation stage   
 positioning accuracy 0.005 Deg 
 repeatability 0.005 Deg 
 Other :    
  Cradle ±45° Not applicable  
 positioning accuracy   
 repeatability   
  Other : sphere o. conf.   
  Additional rotation stage 360 Not applicable  
 positioning accuracy   
 repeatability   
  excentricity   
 Temperature   
 Room temperature test 25 ± 2 °C 
 Furnace    
 accuracy   
 repeatability   
 Other :   
 Loading rig Not applicable  
 Load range   
 accuracy   
 repeatability   
 Other :   

2.2. Particular Instrument Calibration for the measurement 

Detector calibration Measured values un-
cer-

tainty 

units 

  channel width 0.1167  Deg  
  Ref. Detector distance 1500  mm 
 Other:    
Beam alignment       
  Pin diameter 2  mm 
  Primary beam Position error 104.8  μm 
   Horizontal   fwhm / mm 
  Vertical Not measured fwhm / mm 

  Secondary beam  Position error 
3 (North bank);  
9 (South bank)   mm 

  Horizontal   fwhm / mm 

 
Reference position in instrument 
coordinate system 

North bank (-0.003, 0.104) 
South bank (0.009, 0.104)  

 Other:     
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2.3. Comments and related graphs  
Instrument illustration Description 

 
 
 
 

 

Beam characterization Description  
 

 
 
 
 
 
 
 
 
 
 

ENGIN-X Fe Calibration pin 
 
Primary beam width = 3.65 
mm 
 
Secondary beam width – 
FWHM = 4.76 mm (North 
Bank); 4.52 (South Bank) 

Reference point determination Description  

Instrument wavelength resolution     
  Δd/d = Δt/t 0.0013   
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X_Scan 

 
Y_Scan 

 
 
 
 
 
 

ENGIN-X Fe Calibration pin 
 
Values in mm 
X_Scan (across collimator) 
North bank offset = -0.003 
South bank offset = 0.009 
 
Y_Scan (across beam) 
Beam offset (north bank) = 
0.0823 mm 
Beam offset (south bank) = 
0.1273 
 
Average = 0.1048 
 
 

Powder Reference measurement Description  
 

 

Using CeO2 powder 
Conversion from TOF to d-
spacing performed inter-
nally in GSAS 
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Pseudo-strain characterization Description  
Not applicable 
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3. MEASUREMENTS REPORT 

3.1. Specimen and instrumental setup for measurement 
Refer to NQL Report No. 101-0820-0001 for measurement location on the specimen 
and the stress component of interest. Measurements were performed across the weld 
as illustrated by the red dots in Figure 1(a), at the depth h of 6 mm (for all three com-
ponents) and 15 mm (for axial and radial components). Measurement were also per-
formed through the sample thickness, along the weld centreline. Measurement of ref-
erence sample was performed on the middle of each tooth of the comb structure and 
few points beyond the comb structure, at 6 mm and 15 mm from the top surface (equiv-
alent to outer surface of the welded pipe specimen), and also along the middle tooth, 
Figure 1(b). The measured components were hoop and axial. The summary of all 
measurements is presented in Table 1. 
 
Gauge volume of 4 × 4 × 4 mm3 was used, produced by slits on the primary beam and 
radial collimators on the secondary beam. The scans across the weld were performed 
with scan range of y = -60 mm to 60 mm from the weld centreline, except for the hoop 
component (y = -40 mm to 40 mm) due to the very poor signal on the outer part of the 
scan. The scan along the weld centreline was performed with scan range h = 6 mm to 
24 mm. The detail for the step size is given in in Figure 1(a).  
 
To measure the axial and radial strain component, the specimen was fixed on top of 
the sample stage with the pipe axis in horizontal direction, Figure 2(a) and (c). Mean-
while, to measure the hoop strain component while minimising the neutron path length 
inside the specimen material, the specimen was tilted 43° from horizontal plane, Figure 
2(b) and (d) (see NQL Report No. 101-0820-0001). A special rig was prepared for 
tilting the sample, Figure 2(d).  
 

Table 1. Summary of the measurement 
 

Measured 
component 

Wavelength 
range (Å) 

2θ (°) ω 
(°) 

Reflection Scan 
range, y 

(mm) 

h (mm) Detector 
bank 

Specimen  
Across weld  

Axial 
0.7-3.1 -90 & 

90 -45 Multiple -60 to 60 6, 15 Bank 1 (B1) 
Radial 6, 15 Bank 2 (B2) 
Hoop -40 to 40 6 Bank 2 (B2) 

Along weld centreline  
Axial 0.7-3.1 -90 & 

90 -45 Multiple 0 6 to 24 Bank 1 (B1) 
Radial Bank 2 (B2) 

  
Reference sample  

Axial 0.7-3.1 -90 & 
90 -45 Multiple -60 to 60 6, 15 Bank 1 (B1) 

Hoop 6, 15 Bank 2 (B2) 
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Figure 1. Illustration of the scans within the (a) specimen and (b) the reference sample. 
 

 
 
Figure 2. Schematics of the speciment and instrument setup for measurement of strain in (a) axial and 

radial components, simultaneously using two detector banks, 180° apart, and; (b) hoop component; 
photograph showing the specimen (c) mounted on top of the hexapod with tube axis in horizontal; (d) 

tilted around 43° to the horizontal plane for the measurement of hoop component. 
 
 

 

3.2. Lattice parameter and lattice spacing 
 
The peak fitting was performed using the Open Genie software suite []. Full-pattern 
(multiple peak) refinements was performed using Pawley function []. Single peak anal-
ysis using Voigt function was also performed on the Fe(110), which was the most in-
tense reflection, and Fe(211) reflection which was used for the analysis in  NQL Report 
No. 101-0820-0001. Hoop component data of the specimen has a very low signal-to-
noise ratio (due to large beam path inside the specimen material), and therefore ex-
clusively used single peak analysis using Fe(110) reflection. The example of the fitted 
patterns are shown in Figure 3. 
 



 11/16 NQL  n° 102-0820-0001 at ENGIN-X - ISIS 

The NQL trademark is supported by BrightnESS², a European Union project within  
the European Commission's Horizon 2020 Research and Innovation programme under grant agreement N°823867. 

 
 

 

 

The measured lattice parameter (for full-pattern refinements) and lattice spacing (for 
single peak analysis) from the scans on the specimen and the reference sample (on 
different strain components and at different depths from specimen outer surface) are 
plotted in Figure 4 and Figure 5. Tabulated data and additional information about the 
fitting output such as peak FWHM and peak height can be found in Annex I. 
 

 
 

Figure 3. Examples of (a) full-pattern (multiple peak) refinement on the reference sample and single 
peak refinement on the specimen for (b) Fe(110) reflection and (c) Fe(211) reflection; (d) Single peak 

refinement of Fe(110) on the specimen for hoop direction, showing poorer signal to noise ratio. 
 

 
Figure 4. Plot of (a) lattice parameter from multi-peak analysis and lattice spacing of single peak anal-
ysis of (b) Fe(110) and (c) Fe(211) from the scan through the thickness of the sample along the weld 

centreline. 
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Figure 5. Plot of lattice parameter from multi-peak analysis and lattice spacing from single peak analy-
sis of Fe(110) and Fe(211) reflections, from the scan across the weld on the reference sample and the 

specimen. 

3.3. Strain 
 
Calculation of bulk and lattice strain, ε and εhkl was performed using Equation 1 or 2, 
where a and d , respectively, are lattice parameter and lattice spacing of the specimen, 
and a0 and d0, respectively, are lattice parameter and lattice spacing of the reference 
sample. Indices i, j, k is the measurement component (i.e., axial, radial, and hoop).  
 
 

!(#,%,&) = ) *(+,,,-)*.(+,,,-)
− 11 (× 104µ!)	 (1) 

 

!7&8(#,%,&) = 9
:;-<(+,,,-)
:.,;-<(+,,,-)

− 1= (× 104µ!)	 (2) 

 
In the present study, the reference sample measurement was carried out by measuring 
the two components which are presumed to be completely stress relieved, i.e., axial 
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and hoop, simultaneously using two detector bank, i.e., Bank 1 and Bank 2, respec-
tively. As it has been acknowledged from past measurements on the instrument, and 
as can be observed in Figure 4 and Figure 5, there are systematic discrepancies be-
tween the readings of the two detector banks. This means strain must only be deter-
mined from specimen and reference sample measurement coming from the same de-
tector bank. Therefore, reference sample measured on Bank 2 was used to calculate 
the strain of the specimen in hoop and radial direction (i.e., a0,j = a0,k; d0,j = d0,k). 
 
Since the measurement points on the specimen and the reference sample were dif-
ferent, the θ0 values were interpolated using B-Spline method with smoothing. The 
plot of strains as a function of scan position is presented in Figure 6 and Figure 7. 
 

 
Figure 6 Residual strain from the scan through the thickness of the sample along the weld centreline. 

 

 
Figure 7. (a) Bulk residual strain from multiple peak analysis ; lattice residual strain from single peak 

analysis using (b) Fe(110) and (c) Fe(211) reflections, from the scan across the weld. 
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3.1. Stress  
 
Stresses were calculated using the strains analysed from single peak analysis of 
Fe(110) reflection, which provides all three strain components. Stresses were calcu-
lated using Equation 2, where ε is the calculated strain and the indices I, j, k is the 
strain component (i.e., axial, radial, and hoop). The diffraction elastic constant Ehkl = 
224 GPa and vhkl = 0.28 were used [1]. The plot of stresses as a function of scan 
position is presented in Figure 8, where the values were normalised by 0.2% proof 
stress of the steel.  
 

># =
?@AB

(CDE@AB)(CFGE@AB)
H(1 − IJKL)!# + IJKL(!% + !&)N  

>% =
?@AB

(CDE@AB)(CFGE;-<)
H(1 − IJKL)!% + IJKL(!# + !&)N (3) 

>& =
?@AB

(CDE@AB)(CFGE@AB)
H(1 − IJKL)!& + IJKL(!# + !%)N  

 
 

 
 

 
 

Figure 8. Plot of residual stress analysed from single peak analysis of Fe(110) reflection. 
 
 

3.2. Reliability of results 
 
Regarding the calculations, uncertainties were determined in accordance with 
ISO/IEC Guide 98-3 [2]. Additional guidelines taken into account are found in [3]. 

 
[1] T. Gnäupel-Herold, R. Schneider, P. Mikula, S.K. Paranjpe, J. Teixeira, G. Torok, A. Venter, A.G. 
Youtsos, Measurement of residual stress in materials using neutrons, in: Int. At. Energy Agency, 2005. 
[2] ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty 
in measurement (GUM: 1995) 
[3] Taylor B .N., K uyatt C.E., “Guidelines for Evaluating and Expressing the Uncertainty of NIST Meas-
urement Results”, NIST Technical Note 1297 1994; see also http:// physics .nist .gov/ cuu/Uncertainty/ 
index .html  
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4. CONCLUSIONS AND/OR RECOMMENDATIONS 
 
Determination of residual stress across the weld has been reported. Symmetrical, 
low level residual stresses were observed across the weld, near the outer surface. 
The residual strain and residual stress values are in a good agreement with meas-
urements and simulation reported in NQL Report No. 101-0820-0001.  
 
The thickness of the pipe presents difficulties during the experiment, especially on 
the hoop strain measurement. Due to large neutron path inside the sample material, 
the signal were poor thus did not allow for full pattern refinement. Nevertheless, sin-
gle peak analysis reveal that the stress profile across the weld is symmetrical, which 
confirm the assumption made in NQL Report No. 101-0820-0001. 
 
Residual strain profiles through the sample thickness along the weld centreline were 
reported for axial and radial component. Hoop component was not measured due to 
the time limitation. Higher degree of strains were observed near the outer surface, 
and gradually decreasing as the scan move further into the sample thickness.  
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ANNEX I. PEAK FITTING DETAILS 
 

 
 
The information regarding the peak fitting result and the calculated strain-stress are 
embedded in the Excel file 
 

NQL-102-0820-0001
-annex.xlsx
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pipe joints is an important input for fracture mechanic analysis and mitigating issues such 
as stress corrosion cracking. 
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1. INTRODUCTION 

1.1. Aim of the measurement and material 
The aim of the measurement is to investigate the residual stresses within a section of 
heat-treated welded steel pipe joint used in high pressure applications. The pipe is 
typically used in industry for the transportation of steam or water at high pressure for 
power generation turbines. Residual stress determination on such welded-pipe joints 
is an important input for fracture mechanic analysis and addressing issues such as 
stress corrosion cracking. The residual stress is usually analysed using predictive 
techniques (e.g., using physical modelling) and/or measurement techniques (e.g., 
non-destructive evaluation such as neutron diffraction). 
 
The regions of interest for the stress measurements were across the weld at different 
depths, as well as radially through the wall thickness at the weld centreline. 
 

1.2. Preliminary and/or complementary information 
 
The pipes were produced as fine-grained steel with ferritic-pearlite as the 
predominate microstructure and used in pressure vessel and piping applications. The 
pipes have an external diameter of 356 mm with a wall thickness of 30 mm. The 
original length of each pipe was 250 mm giving a total length for the joined pipe as 
approximately 500 mm. The pipes were welded using the shielded metal arch 
welding (SMAW) process in conjunction with C-Mn-bainite as the filler metal in 
multipasses. The welding was carried out without buttering.  
 
Predictive simulation of the residual stresses generated by the welding process using 
an isotropic hardening model across the weld at 6 mm below the outer surface are 
shown in Figure 1 where the stress in normalised to the 0.2% proof stress of the 
steel. 

 
Figure 1. Simulation of residual stress generated from the welding process. Simulation performed by 

EDF. 
 

Deleted: n
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The welded joint was post-weld heat treated (PWHT) to relieve the residual stresses. 
This was performed by heating the welded pipe too slightly below the Ac1 
temperature. No modelling results of residual stresses after the PWHT process were 
provided. 
 
To practically enable residual stress investigations using neutron diffraction, the 
length of the welded pipe was shortened by cutting sections from both sides to 
produce a final specimen length of around 150 mm with the weld at mid sample 
length. A photo of the measured specimen is shown in Figure 2(a). The stress-free 
reference sample was prepared by first cutting a coupon from an identically welded 
and PWHT sample. The coupon was then wire-cut into the comb-shaped structure 
shown in Figure 2(b) to selectively release remaining residual stresses. 
 

 
Figure 2.Annotated photographs of (a) the investigated welded pipe specimen showing relevant 

dimensions and (b) the stress-relieved comb reference sample. 
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2. CALIBRATION REPORT 

2.1. General Instrument set up 
Strain investigations at the SAFARI-1 research reactor of the South African Nuclear 
Energy Corporation (Necsa) SOC Limited were performed with the Materials Probe 
for Internal Strain Investigations (MPISI) instrument which is an angular dispersive 
neutron diffraction strain scanner [1]. MPISI was calibrated to the following 
configuration: 
 

 
Detector nominal values  Units 

Beam ☒ Monochromatic 
Position Sensitive 
Neutron Detector Denex-300TN 3He 

    Distance to Ref. Point 1148.5 mm 
  Area 28 x 28 cm2 
   Pixel size hor./vert. 0.67 / 0.67 mm 
  angular range hor./vert 13.9 / 13.9 Deg  

Monochromator nominal values  units 
  Type: Double bent silicon multiwafers 

  cut 110 hkl 
  hkl used 331 hkl 
 omega angle 34.96 Deg 
 take-off angle 83.5 Deg 
  wavelength 1.647338 Å 
  curvature  0.16 ± 0.01 m-1 
 distance to ref. point ~2.5 m 
  Other:   
Time of Flight - ToF   nominal values  units 
  total flight path - m 
  wavelength range - A 
  channel width - S 
  inc. beam divergence - Deg 
  Other    
Primary optics   nominal values  units 
☒ slit Primary slit width - PSW 5.0 mm 

  Primary slit height - PSH  5.0 mm 
  Primary slit distance - PSD 80 mm 
☐ collimator horizontal focal distance  mm 

   focal width  FWHM/ mm 
  vertical focal distance  mm 
    focal width  FWHM/ mm 
Secondary optics   nominal values  units 

☐ slit Secondary slit width - SSW  mm 
  Secondary slit height - SSH  mm 
  Secondary slit distance - SSD   mm 

☒ collimator horizontal focal distance ~350 mm 
   focal width 5 FWHM / mm 
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  Other:  
     
 ☐ TOF angular acceptance horiz  Deg  
  angular acceptance vert  Deg  
  Distance to Ref. Point  mm 
  Other:   
 
Sample Stage nominal values Units 
  XYZ table Huber  
  positioning accuracy 5 μm 
 repeatability 10 μm 
  Other : Travel distance 250 mm 
 Omega rotation stage (sample rotation)   
 positioning accuracy 0.0025 Deg 
 repeatability 0.05 Deg 
 Other : precession circle at beam height Ø 70 - 90 μm 
  Cradle ±45° Not applicable  
 positioning accuracy   
 repeatability   
  Other : sphere o. conf.   
  Additional rotation stage 360 Not applicable  
 positioning accuracy   
 repeatability   
  eccentricity   
 Temperature   
 Room temperature test Not available °C 
 Furnace    
 accuracy   
 repeatability   
 Other :   
 Loading rig Not applicable  
 Load range   
 accuracy   
 repeatability   
 Other :   

2.2. Instrument calibration for the measurement 

Detector calibration Measured values uncertainty units 
  channel width 0.665  mm 
  Ref. Detector distance 1148.5  mm 
 Other:    
Beam alignment       
  Foil thickness 2  mm 
  Primary beam Position error 0.02  mm 
   Horizontal 5.21 0.05 fwhm / mm 
  Vertical 6.3 0.3 fwhm / mm 
  Secondary beam  Position error 0.03  mm 
  Horizontal 5.42 0.08 fwhm / mm 
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2.3. Alignment and calibration procedures 
Detailed information on the calibration methods employed on MPISI can be found in [2]. 
 
Instrument illustration  
 

 
 
  

 
Reference position in instrument 
coordinate system Local zeros set   

 
 Other:     

Instrument wavelength resolution     
  Δ2θ/2θ 0.0060   
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Beam characterization Description  
 

 
Figure 3. Illustration of neutron gauge volume definitions. 

 
Table 1: Instrumental GV measurement results 

Primary beam Primary beam Diffracted beam 

   
Width Stdev Height Stdev Width Stdev 

5.21 ± 0.05 0.02 6.3 ± 0.30 0.09 5.42 ± 0.08 0.03 
 
 

Figure 3 provides a graphical 
illustration of various neutron gauge 
volume (GV) definitions. 
 
The instrumental GV was 
determined by incremental scanning 
of a 2 mm thickness Fe foil sample 
respectively normal to the primary 
and diffracted beams and fitting a 
Gaussian and/or appropriate 
mathematical model to the resulting 
intensity profiles. The fit full-width-
at-half-maximum (FWHM) 
represents the instrumental primary 
and secondary widths of the GV. A 
Z-entry curve procedure was 
followed to determine the 
instrumental GV height. 
 
Table 1 shows the integrated 
intensity profiles as a function of the 
foil position together with fits and 
determined beam dimensions. 
'Stdev' indicates the positional 
accuracy of the gauge volume 
centres. 

Reference point determination Description  
 

 
Figure 4: Depiction of the displacement of a misaligned pin about 
the CoR (O position) when rotated though 270° in 90° intervals. 

 

The instrument reference point is 
defined as the intersection of the 
sample table’s centre of rotation 
(CoR) axis with the sample 
diffraction plane. The CoR is 
established by minimising the 
deflection of an accurately 
machined calibration pin against a 
dial gauge, by compensating 
adjustment of the linear x and y-
axes (motors sx and sy) of the 
sample table. An accurate setup is 
attained when the horizontal 
deflection of the pin is less than 10 
% of the applicable gauge volume 
dimension when the sample table’s 
is rotated over a large angular 
extent (at least 270°) using the 
instrument ω-rotation axis (som 
motor). 
 

-10 -5 0 5 10

sx [mm]
110 120 130

sz [mm]

-10 -5 0 5 10

sy [mm]
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 Eq. 2.1 

 Eq. 2.2 

 

 
Figure 5: Variation of CoR after calibration. 

 

With reference to Figure 4 the 
following applies:  
Initially the calibration cell / pin 
centre (M) will be located at arbitrary 
offsets mx and my from the centre of 
rotation O. The gauge is ‘zeroed’ at 
position AR (0°) where after the 
sample table ω-axis is rotated 
(around O) to 90° and BR is 
measured. The sample table is then 
rotated by another 90° where CR is 
measured and finally the sample 
table is rotated another 90° where 
DR is measured. The offsets mx and 
my are calculated using equations 
2.1 and 2.2 respectively. 
 
Figure 5 shows the angular 
variation of the positional offset of 
the COR after calibration, as the 
deflection of the calibration pin 
followed with the digital dial gauge. 
The systematic deviation lies within 
±15.5 μm which is the limitation of 
the mechanics of the overall system. 

Instrument alignment characteristics Description  

 
Figure 6: Measured and refined diffraction pattern of Al2O3 

powder. 
 
 
 
 
 
 

Diffraction relevant parameters of 
the instrument were determined 
from the measurement of a 
corundum (Al2O3) powder from 
NIST. To compile the extended 2θ-
range the detector bank was step-
scanned in seven frame steps to 
cover 115° in 2θ (stth). Data were 
corrected for flat field and geometric 
effects, intensity normalisation to the 
effective fluence and frames 
stitched to render a diffraction 
pattern in the range 32° < 2θ < 105° 
as shown in Figure 6. Using the 
known crystallographic information 
of the Al2O3 powder sample, full 
pattern Rietveld refinement using 
GSASII [3] rendered a wavelength 
of 1.64734 ± 0.00007 Å and zero 
offset of -0.316 ± 0.003° with a final 
Rietveld Rw factor value of 5.24. 

Pseudo-strain characterization Description  

Not applicable 
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3. MEASUREMENTS REPORT 

3.1. Specimen and instrumental setup for measurement 

3.1.1. Sample description 
Illustrations of the welded steel pipe and d0 reference “comb” sample are shown in 
Figure 7. The d0 sample was cut from a similar pipe to a thickness of 6 mm and 
orientation as shown. As a result, the pipe hoop stress is relaxed throughout the 
entire sample. Additionally, 9 sections (teeth) each 6 mm wide were EDM cut into the 
d0 sample in a direction corresponding to the pipe radial with the aim to additionally 
relax the residual stress in the pipe axial direction. The distance between the tooth 
centres is 7 mm. Since the stress components have been relaxed, changes in d-
spacing along the axial and hoop directions of the reference sample are related to 
chemistry changes associated with the welding and thermal processes. Note that the 
stresses along the corresponding pipe wall (radial) are not relaxed. 

 
Figure 7: Illustrations of the welded pipe and d0 reference comb sample. 

 

3.1.2. Peak selection for stress analysis 
MPISI was configured to deliver a monochromatic thermal neutron beam of 
wavelength ~1.647 Å from the Si(331) monochromator reflection through the 83.5° 
chamber exit port. With reference to the neutron diffraction pattern of ferritic steel 
presented in Figure 8, the α-Fe (211) crystallographic Bragg peak at a diffraction 
angle of approximately 89.50° was selected for the stress analysis with the 
consideration of the following criteria: 

• The gauge volume should exhibit (as close as possible) a rectangular shape 
to facilitate uniform depth volume definition. 

• The 211 reflection (mixed indices) is insensitive to the presence of 
intergranular stress. 

• Minimise counting time by selecting a peak with relatively high diffracted 
intensity. 
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Figure 8: Simulated neutron powder diffraction pattern of ferrite at a neutron wavelength of ~1.647 Å. 

 
The detector was subsequently positioned at a diffraction angle of 90° and a 
measurement executed on the pipe sample to determine the exact diffraction peak 
position. A Gaussian fit of the data gave a peak position of 89.15°. The centre of the 
detector was moved to this angle for all the subsequent measurements. 
 

3.1.3. Gauge volume and measurement time 
The nominal neutron beam GV size was chosen as a compromise between rendering 
strain determinations to within ± 50 με against a reasonable data acquisition time for 
each measurement position for the 3 sample orientations R (radial), A (axial) and H 
(hoop) respectively. The nominal GV for this project was established by the width and 
height of the incident beam aperture (slit), as well as the width of the diffraction-side 
aperture defined by a radial collimator with front surface positioned 250 mm from the 
instrument CoR. The nominal GV was set to 5.0 (w) × 5.0 (h) × 5.0 (col) mm3. 
 
It is essential that the natural neutron beam 
divergence is minimised. The governing parameter 
is to have the incident beam aperture as close as 
practically possible to the sample surface whilst 
allowing sufficient space to accommodate sample 
translations through the GV to reach the required 
measurement positions for all the sample 
orientations. As the pipe sample was relatively 
large, the distance between the incident beam 
aperture and the CoR was set at 80 mm. This does 
lead to beam divergence. 
 
The instrumental GV size was determined experimentally by taking diffraction 
measurements from a 2 mm thick ferrite foil. This was done by recording the 
diffracted intensity from the Fe (211) peak (at 2θ = ~90°) whilst step-scanning the 
respective edges of the foil through the GV and fitting an analytical solution to the 
data. The instrumental GV was determined as 5.21(w) x 6.3(h) x 5.42(col) mm3. This 
set the limit for the closest measurement position to the surface, whilst ensuring a 
fully embedded gauge volume, to 4.18 mm. The IGV dimensions are depicted in 
Figure 9. 
 

3.1.4. Measurement points / grid 
Figure 10 provides a graphical view of the measurement positions and coordinate 
system used in the investigations for the pipe sample. The axis coordinate 
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Figure 9: IGV dimensions. 
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combinations of depth and position produce the regular grid shown in Table 2 which 
results in 135 measurements. The through wall stress measurements at the weld 
centreline comprise 10 points from 6 mm below the outer surface to 24 mm (6 mm 
from the inner surface). 

 
Figure 10: Illustration of measurement positions in the pipe sample. Note that the pipe was not cut. 

This is merely shown for illustrative purposes of the measurement positions. 
 

Table 2: Measurement grid (a) across the weld and (b) through the wall (depth). 
Wall 

depth 
[mm] 

Axial 
position 

[mm] 

Step 
size 

[mm] 

Nr of 
points 

6, 10, 
15 

-60 to -50 10 2 
-40 to 40 2 41 
50 to 60 10 2 

 

 Axial 
position 

[mm] 

Wall 
depth 
[mm] 

Step 
size 

[mm] 

Nr of 
points 

0 6 to 24 2 10 
 

(a)  (b) 
 
The d0 reference sample was measured with the same depth grid as the pipe 
sample, but with the GV positioned at the centre of each tooth along the axial 
position as shown in Figure 11.  

 
Figure 11: Illustration of measurement positions in the d0 reference comb sample. 

 
The following nomenclatures are used for the measurements throughout the 
document and data presented in the accompanying Excel file: 

• S_Weld: Across the weld of the pipe sample 
• S_Depth: Depths through the wall at the weld centreline of the pipe sample 
• d0_Teeth: Centre of each tooth of the d0 reference sample at depths shown in 

Figure 11. 
• d0_Weld: Across the weld of the d0 reference sample with measurement 

positions corresponding to S_Weld, i.e. not centred on each tooth, but 
constant step sizes. 

• d0_Depth: Through the wall depth at the weld centreline of the d0 reference 
sample with positions corresponding to S_Depth. 
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3.1.5. Sample orientations and positioning 
The positioning of the welded pipe on the instrument was done using optical 
theodolites precisely aligned to the CoR. This gave accuracy within ±0.1 mm which is 
well within the general rule-of-thumb criterion of 10% of the minimum GV dimension. 
In order to reduce the excessive neutron path length associated with measuring the 
hoop component, the sample was tilted ~43° from the horizontal plane (perpendicular 
to the measurement scattering vector). This tilt eliminated the beam traversing two of 
the pipe walls. This set-up though still caused self-shadowing at measurement 
positions towards the 'bottom' part of the sample. Subsequently, measurements were 
taken from the 'top' edge down to positions close to where self-shadowing could 
occur, where after the sample was flipped and re-setup such that these areas were 
now at the 'top' orientation. Measurements were now completed for the original 
bottom positions. Illustrations and photographs of the pipe and d0 reference sample 
setups are given in Figure 12 and Figure 13 respectively. 
 

 
 

 

   

(a) (b) (c) 
Figure 12: Diagrams and photographs of sample orientations used for measuring: (a) Radial, (b) Axial 

and (c) Hoop strain components (sample tilted), with MPISI on the pipe. 
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Figure 13: Illustration of sample orientations for the d0 reference sample. 

 

3.2. Lattice spacing determinations 

3.2.1. Data treatment and peak analysis 
Data treatment and reduction of the measured raw data were performed using the in-
house developed program ScanManipulator [5]. Data acquired with the MPISI 
instrument area detector subtends 13.7° in both the horizontal and vertical planes. 
This data were integrated vertically to render a one-dimensional horizontal ‘Bragg 
peak’ representation as shown in Figure 14, from which the peak centres were 
determined by fitting a Gaussian function, given in equation 3.1. Here A is the peak 
height, b the peak centre (2θ-position), and c the full-width-at-half-maximum, using 
the method of least squares.  

 Eq. 3.1 

 

 
Figure 14: Illustration of a typical Bragg peak after data treatment and reduction and Gaussian profile 

fit to the peak. 
 
Using the known incident beam neutron wavelength (λ), the determined Bragg peak 
centre position data is converted to lattice plane spacing (dhkl) using the Bragg 
equation given in equation 3.2. 
 

 Eq. 3.2 
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3.2.2. Diffraction peak measurements and data quality 
In a sample that is fine-grained (micron sized crystallographic grains) without 
preferred crystallite orientations, the intensity distribution is uniform over the full 
Debye Scherer cone. The presence of large grains in the material microstructure 
would be observed as intensity concentrations into bright spots on the 2D detector 
data. This anomalous distribution may bias the fitting and lead to pseudo-strain effect 
and ultimately inaccurate calculated stress. 
 
Figure 15 shows typical 2D intensity data at arbitrary measurement positions in the 
pipe sample and corresponding 1D diffraction pattern reductions. No large intensity 
variations as a function of phi angle (corresponding to sample tilt) is visible, indicating 
a fine grained structure with respect to the gauge volume employed. The weaker 
intensities related to the hoop measurement are due to the extensively increased 
path length the neutron beam has to cover in reaching the measurement position, 
and exiting the material to reach the neutron detector. 
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Figure 15: Top images show 2D raw data diffraction observed on the MPISI detector respectively for 

measurements at arbitrary positions along the three principal orientations of the pipe, before geometric 
correction. The bottom plots show the corresponding integrated 1D diffraction peaks. The latter data is 

fit with a Gaussian function for further data processing into d-values, lattice stains and stresses. 
 
Figure 16 shows the averaged peak fit parameters with averaged standard 
deviations from all data measured respectively for each of the three strain 
components in the respective samples. These values are provided merely as a 
general indication of measured intensities at constant measurement times 
respectively for the pipe and reference sample. The drastically varying intensities 
influence the attained fit accuracies. Information on each point is available in the 
Excel data sheet. 
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Due to the weak intensities of the Hoop component of S_Weld and S_Depth, a single 
FWHM was calculated from the sum of all the Hoop position data and fixed to a 
single value in subsequent individual peak analysis. This larger value, compared to 
the Radial and Axial components, is unrepresentative and should not be interpreted 
as a variation in grain structure. It is important to note that the long neutron path 
length pertaining to the measurement of the Hoop component of the S_Weld and 
S_Depth in the pipe, with subsequent weaker intensity, propagates through to larger 
uncertainties in the determined peak position (and subsequently the determined 
stress values), compared to the other measurement orientations.  
  

3.2.3. d-spacing 
ScanManipulator was used to convert the diffraction peak centre angular (2θ) results 
to d-spacing values with results presented in Figure 17 and Figure 18 for the pipe, 
respectively across the weld at different depths, as well as through the pipe wall at 
the weld centreline. 
 

 
Figure 17: Depiction of all d-spacing results across the weld at different depths for the respective pipe 

orientations radial, axial and hoop. 
 

 

     
      Figure 16: Averaged Gaussian fits results when using all data points pertaining to each specific 

measurement geometry. 
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Figure 18: d-spacings through the pipe wall thickness at the weld centreline. 

 

3.3. Strain determination 

3.3.1. Calculation 
The determined lattice plane spacings (di,hkl), referenced to the corresponding stress-
free lattice plane spacings (di,0,hkl), are used to calculate the directional elastic lattice 
strains (εi,hkl) in the component using equation 3.3. Accurate representative d0 values 
are required for the analysis procedure. 

 Eq. 3.3 

Under the assumption that the stress σi in the direction i = Hoop (as defined for the d0 
reference sample shown in Figure 7), is taken as zero, i.e. bi-axial stress condition 
due to the relatively small sample volume in this direction, d0 can be calculated using 
equation 3.4, which is derived from equation 3.8 under this assumption. The reader is 
referred to Chapter 3.3 of Noyan and Cohen [6] for further discussion.  

Using the determined di,hkl values at each measurement position, a constant d0 value 
for that position is calculated by applying equation 3.8.  
 
Both these approaches in determining the stress-free lattice plane spacings have 
been employed in this study. 

3.3.2. Approaches in determining the stress-free lattice plane 
spacings 

Table 3 summarises the respective stress-free lattice plane spacings determined 
using the different approaches discussed. The results show that the d-spacings 
measured in the centre of the teeth (d0_Teeth), as well as the alternative approach of 
taking  measurements on the comb at positions corresponding to those in the welded 
pipe, (d0_Weld) give very similar values and trends. Also shown are the results from 
the bi-axial stress condition approach with zero stress in the Hoop direction, i.e. 
equation 3.4. The calculated respective d0_Calc values correspond directly to the 
measurement positions of S_Weld. Variations in d0_Calc values are evidence of 
possible chemistry changes due to the welding and PWHT processes. 
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All approaches indicate significant decreases in the d-values in the weld region, i.e. 
positions -25 mm to 25 mm. These are associated with changes in chemistry due to 
the filler material and recrystallization. Outside this region, the d-values converge to 
constant values that are associated with the pipe manufacture, i.e. region unaffected 
by the welding process. Using the direct measurement approaches, it is obvious that 
the magnitudes of the di,0,hkl values are not constant for each principal direction. The 
largest overall variation in di,0,hkl values is seen for the results of the axial direction. 
Inherent to the bi-axial stress approach that takes the hoop (normal) stress to be 
zero, all magnitudes of the di,0,hkl  values are independent of the principal directions.  
 
Through the wall at the weld centreline, no significant changes are observed with 
depth. Variations in the magnitudes of the di,0,hkl values are still present for the 
different principal directions. The values for the radial and axial directions are very 
similar, whereas those for the hoop direction being substantially lower. The 
magnitudes of the di,0,hkl  values for the bi-axial stress approach correspond to the 
averaged di,0,hkl  values for the principal directions, at each depth. 
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Table 3: Comparison of d-spacing values for the stress-free reference as determined from the different 

approaches discussed. 
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3.3.1. Strain dependences 
The strains determined using equation 3.3 are plotted in Figure 19 and Figure 20 
respectively across the weld at different depths, as well as through the pipe wall at 
the weld centreline. Magnitudes are displayed as microstrains, i.e. x10-6.  
 

 
Figure 19: Calculated strain components across the weld of the welded pipe at different depths, 

referenced against the calculated approach di,0,hkl values. 
 

 
Figure 20: Calculated strain components through the wall thickness of the pipe at the weld centreline, 

referenced against the calculated approach di,0,hkl values. 
 
 

3.1. Stress determinations 

3.1.1. Calculation 
The mechanical stress (σij) at a specific position in a component is a second-order 
tensor and described by the equation: 

  Eq. 3.5 

where Fi represents the component of force that acts in direction xi on the element of 
volume characterized by surface area ∂Sj , whose normal is in the direction xi [7]. In a 
three-vector system (such as Cartesian), this results in resolving nine unknowns. As 
the stress tensor is symmetrical (σij = σji), the unknowns can be reduced to six. It is 
also possible to define principal axes along which only normal stresses exists, i.e. the 
shear stresses are zero. In this situation, only three unknowns need to be 
determined. 
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In the diffraction stress determination technique stress is calculated from the 
determined strains (ɛ), using Hooke’s law: σij = Cijkl ɛkl, where Cijkl are the stiffness or 
elasticity coefficients of the material, which is dependent on the crystallographic grain 
directions in the crystal, Young’s modulus (E) and the Poisson ratio (ν). The 
diffraction elastic constants (s1 and ½s2) are related to Young’s modulus and the 
Poisson ratio for the respective (hkl) reflection used through equations 3.6 and 3.7.  

Relevant constants used for this investigation are given in Table 4 and were 
calculated using the software XEC Version 1 [8] and employing the Kröner model. 
 

Table 4: Material constants used in this investigation. 
Material Lattice plane 

(hkl) 
s1 

[MPa-1×10-6] 
½ s2 

[MPa-1×10-6] 
E 

[GPa] 
ν 
 

α-Fe (211) -1.205 5.589 228.102 0.2749 
 
Internal stress can now be calculated using the generalized form of Hooke’s law 
given by equation 3.8 where εi is the strain in the principal reference axis directions. 

3.1.1. Stress plots 
Equation 3.8 was used to calculate the stress values at each measurement position. 
Plots of results respectively across the weld at different depths, as well as through 
the pipe wall at the weld centreline are given in Table 5. The stress values were 
normalised by 0.2% proof stress of the material for confidentiality. 
  

s1 = ν/E Eq. 3.6 

½s2 = (1 + ν/E) Eq. 3.7 
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 Table 5: Stress values. 
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3.2. Reliability of results 
Uncertainties associated with the calculations were determined in 
accordance with ISO/IEC Guide 98-3 [9]. Additional guidelines taken into 
account are contained in [10]. 

 

4. CONCLUSIONS AND/OR RECOMMENDATIONS 
Large residual stresses exists in the welded region of the steel pipes extending 
further than the physical weld extremities due to the influences of the adjacent heat 
affected zones straddling the weld. The largest stress in the weld exists in the 
principal hoop direction with tensile magnitude close to the yield stress of the 
material. This detrimental stress condition can amongst others be reduced by PWHT.  
 
This study pertains to the evaluation of the residual stresses in a PWHT steel pipe 
joint with external diameter 356 mm, 30 mm wall thickness and 150 mm in length 
with the weld at mid length. This sample, as well as a thin (6 mm) axial comb 
straddling the weld, were provided by the client. The stresses in the weld zone have 
been evaluated using the neutron strain scanning technique along the assumed 
principal stress directions, axial, hoop and radial. Measurements were respectively 
done at specific positions across the weld and at different depths, as well as through 
the pipe wall at the weld centreline. Each measurement position represents tri-axial 
stresses averaged over a nominal cuboid volume of 5 x 5 x 5 mm3. For the 
determination of the stresses, all results were referenced to di,0,hkl determined at 
corresponding positions to the measurement positions in the pipe. 
 
Detailed assessments have been done to resolve the di,0,hkl values. This was done 
using 3 different approaches on the comb sample: 

• Measurements centred on each tooth respectively along the principal 
directions axial, hoop and radial and depths corresponding to the 
measurements in the welded pipe. 

• Measurements at positions across the weld and depths respectively along the 
principal directions axial, hoop and radial and depths corresponding to the 
measurements in the welded pipe. 

• Using the results from the previous two approaches to calculate the di,0,hkl 
values at each position under the assumption that that the normal stress (hoop 

6 8 10 12 14 16 18 20 22 24
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

N
or

m
al

is
ed

 s
tre

ss

Depth (mm)

 Axial
 Radial
 Hoop



 24/26 NQL  n° 103-0121-0001 at MPISI - Necsa 

The NQL trademark is supported by BrightnESS², a European Union project within  
the European Commission's Horizon 2020 Research and Innovation programme under grant agreement N°823867. 

 
 

 

 

component) is zero due to the thinness of the comb and thus implementing a 
biaxial stress condition.  

All approaches indicate significant decreases in the d-values in the weld affected 
region, i.e. positions -25 mm to 25 mm. These are associated with changes in 
chemistry due to the filler material and recrystallization. Outside this region, the d-
values converge to constant values that are associated with the pipe, i.e. region 
unaffected by the welding process. Using the direct measurement approaches, it is 
obvious that the magnitudes of the di,0,hkl values are not constant for each principal 
direction. The largest overall variation in di,0,hkl values is seen for the results of the 
axial direction. Inherent to the bi-axial stress approach that takes the hoop (normal) 
stress to be zero, all magnitudes of the di,0,hkl  values are independent of the principal 
directions. Through the wall at the weld centreline, no significant changes are 
observed with depth. Variations in the magnitudes of the di,0,hkl values are still present 
for the different principal directions. The values for the radial and axial directions are 
very similar, whereas those for the hoop direction being substantially lower. The 
magnitudes of the di,0,hkl  values for the bi-axial stress approach correspond to the 
averaged di,0,hkl  values for the principal directions, at each depth. Notwithstanding 
these detectable variations in di,0,hkl  values, their influence on the stress values are 
marginal.  
  
The stress analyses reveals the existence of significant residual stresses in the 
PWHT pipe. In correlation to the measurement strategy, the hoop stress has the 
largest tensile magnitude with a value of close to the 0.2% proof stress of the 
material at 6 mm depth. This decreases linearly with depth to be close to zero after 
20 mm. The axial and radial stress components have similar dependences, 
respectively having tensile values of approximately 0.7 and 0.3 of the 0.2% proof 
stress of the material at 6 mm depth.      
 
This study concludes that significant chemistry changes have occurred due to the 
welding and PWHT processes on the welded joint. Significant tensile stresses exist in 
the weld affected region. The magnitudes of the detrimental tensile stresses do 
decrease with depth into the wall to have values close to zero after 20 mm. The hoop 
tensile stress magnitude on the weld 6 mm below the surface is close to the 0.2% 
proof stress. 
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ANNEX I. PEAK FITTING DETAILS 
 

 
The embedded Excel file contains measurement data pertaining to the experiment. 
Please note that lines may be hidden in various sheets to enhance data 
management. 
 
Columns A to U in the measurement data sheets (S_* and d0_*) contains Gaussian 
fitted parameters providing d-spacing information. The sheets present in the Excel 
data file are described in Table 10. 
 

Table 6: Excel data file sheet description 
Sheet name Description 
Misc Various / random data entries used for ‘on the fly’ calculations 

such as measurement time determination. It also contains the 
materials data base, wavelength calibration iteration and grid 
coordinate calculations. 

Files Instrument data file data numbers corresponding to measurements 
positions and coordinate transforms. 

Compare Comparison of stress results with other participating instruments 
in this study and combined stress graphs. 

Compare_no_err Comparison of stress results with other participating instruments 
in this study with error bars removed to enhance visualisation. 

S_Weld d-spacing and stress results across weld. 
S_Depth d-spacing and stress results at depths through the wall at the weld 

centreline of the pipe sample. 
d0_Teeth d-spacing and stress results in the centre of each tooth of the d0 

reference sample. 
d0_Weld d-spacing and stress results across the weld of the d0 reference 

sample with measurement positions corresponding to S_Weld. 
d0_Depth d-spacing and stress results through the wall depth at the weld 

centreline of the d0 reference sample with positions corresponding 
to S_Depth. 

d0_compare Comparison of d-spacings of different d0 measurements. 
Gauss_compare Comparison of average Gaussian fit parameters. 
 

ANNEX II. ENTRY CURVE MEASUREMENTS 

 
The embedded Excel file 'EC_Cabeza.xlsm' contains data pertaining to the entry curve and 
gauge volume measurements. 
 

Sandra_EDF_Data.xl
sm

EC_Cabeza.xlsm


