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Abstract.  
Internal self-equilibrated stress-fields (known as residual stresses) can develop in a 

component during different manufacturing steps and also under service conditions. Reliable 
knowledge of such stress-fields is essential for optimizing the manufacturing process, designing a 
component for the envisaged service conditions and determining the optimum operating conditions 
for a component given its design and the material properties. These stress-fields can be computed by 
modeling and simulation using finite element methods. However, reliable measurement of the 
stress-field is essential for adding confidence in the computed values and also for the further 
refinement and improvement of the computational procedure. 
 

Neutron diffraction is now a well-established method for measuring the residual stress-field 
in a component. In this method, the change in lattice spacing of a set of atomic planes is used to 
measure the strain and, when sufficient directions have been measured, the stress which has caused 
this change. Individual components of stress along desired directions can be measured, and thereby 
the complete residual stress tensor determined when required. Localised measurements can map 
rapidly fluctuating stress fields using a gauge volume as small as 1x1x1 mm. Moreover 
measurements can be done from regions deep inside the component owing to the low attenuation of 
neutrons in most engineering materials. Therefore, neutron diffraction can be used to map 3-
dimensional stress fields in complex engineering components. Most importantly, this is a non-
invasive method where in-situ neutron measurements can be done on actual components under 
simulated service loads and environmental conditions of interest. 
 

This paper presents the basic principles of residual stress measurement using neutron-
diffraction and reports the results of high resolution measurements made in the vicinity of laser 
welded joints in 9Cr-1Mo(V, Nb) ferritic/martensitic steel. 
  

Introduction 

Stress and Residual Stress: 
When an object is constrained against rigid body motion, it develops stress in response to the 

external forces acting onto it. Such stresses arise due to in-service loads on a component. Reliable 
estimation of the stresses arising from in-service loads is essential for design of a component to 
assess its suitability for the intended service conditions. When the rate of application of the external 
forces is slow the resulting stresses are reversible in nature and get relieved when the external forces 
are withdrawn. However, when the external forces are applied rapidly, the resulting stress is not 
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relieved fully, even when the external forces are withdrawn. Instead, it remains locked in the body 
as self-equilibrating stress-field, also known as residual stress-field. Residual stress also arises due 
to thermo-metallurgical changes localized in a part of a component. Such rapid loading or localized 
thermo-metallurgical changes are associated with various fabrication processes like casting, rolling, 
forging, bending, welding etc.; leading to introduction of residual stresses in a component. Residual 
stresses play an important role in determining integrity of a component in service. Therefore, 
reliable estimation of the residual stresses is necessary to assess suitability of the component for the 
intended service. Besides, this knowledge can also help in optimizing the process parameters and 
fabrication flow-sheet to minimize the residual stresses in the fabricated components. Residual 
stresses are classified into following three groups on the basis of the length scales involved [1]. 
Type I: Macro residual stresses that develop over length scales encompassing many grains.  
Type II: Micro residual stresses that vary from grain to grain. 
Type III: Micro residual stresses that varies within a grain, due to defects like dislocation etc. and 
solid state phase transformations creating intra-granular hierarchical microstructures. 
 
 Residual Stress Measurements: 
 Different experimental techniques have been developed over time for measurement of residual 
stresses. These residual stress measurement techniques can be classified into following three broad 
categories [1]. 
Destructive: Sectioning methods, Contour method. 
Semi-Destructive: Hole-drilling, Ring-core method, Deep-hole drilling method. 
Non-Destructive: Barkhausen noise method, Ultrasonic method, X-ray diffraction method, Neutron 
diffraction method. 
Detailed review of different experimental methods for residual stress measurements has been 
presented by Rossini et at. [1]. Destructive and semi-destructive methods for residual stress 
measurements rely on measurements of the strain, as the stresses are relieved by sectioning of the 
stresses component or drilling holes in the desired location in the component [2, 3]. The stresses are 
then back calculated from the strain measurements. The problem with these invasive methods is that 
the stress relieving methods – sectioning or hole-drilling, may interfere with the residual stress field 
in the component or worst still, may introduce some stress by heating or plastic deformation. 
Besides, only partial information regarding the residual stress-field can be obtained, in terms of 
individual components of the stress and spatial variation of the same.  
 

Non-invasive methods do not interfere with the residual stress-field present in the component of 
interest; rather rely on differences in the interaction of the probe with stressed and un-stressed 
region in the component. Therefore, these methods can be used on actual components. Magnetic 
Barkhausen noise (MBN) method is based on magneto-elastic interaction, and can be used to 
measure surface stresses in ferromagnetic materials [4, 5]. Tensile stresses increase MBN signal, 
while compressive stresses reduce it. However, microstructural features like grain boundary, intra-
grain interfaces and defects also affect MBN signal and therefore, effect of microstructural features 
have to be accounted for. Ultrasonic method is based on acoustic-elasticity effects, wherein velocity 
of elastic wave propagation in solids is affected by the stress-field [6, 7]. This method is not limited 
to only ferromagnetic materials and can be used for measurements in reasonably thick components 
(~ 10 mm). However, this method has poor spatial resolution. X-ray diffraction method is based on 
measurements of deviation in the inter-planer spacing in the crystalline material under the influence 
of stress [7, 8]. From this deviation, strain is computed and then stress is back calculated using 
elastic constants like modulus (E) and Poisson’s coefficient (ν) of the material. However, due to 
limited penetration of X-rays into the material, information from only thin surface layer (~ 10 – 100 
µm, depending on atomic number of the material) can be obtained and therefore, only biaxial state 
of stress can be measured. These limitations are overcome if synchrotron radiation is used. In that 
case, one can measure up to 10 mm thickness and with greatly improved resolution of ~0.1 mm. 



 

Residual Stress Measurements by Neutron Diffraction: 
Neutron diffraction is the most versatile, non-invasive method for stress measurement. This 

method is limited to the measurements of not just the residual stresses, but even the stresses arising 
from in-service loading can be measured by simulating the service conditions on the actual 
components. Stress measurements can be done in thick (upto 30 mm) walled components due to 
deep penetration capability of neutrons and complete stress tensor can be determined by strain 
measurements in multiple directions in the gauge volume of interest. Like X-ray and synchrotron 
diffraction method, this method also, relies on deviation in the inter-planer spacing under the 
influence of stress.  
 

     
     
 
 
 
 

Neutron diffraction requires a high flux neutron source, which can be obtained either from a 
nuclear reactor or a spallation source. Nuclear reactors provide continuous neutron beam which is 
then made monochromatic, spallation sources on the other hand provide white neutron beam in 
pulsed mode. Dedicated beam lines, constructed in the vicinity of neutron sources are used for these 
diffraction measurements. Schematic of neutron diffraction set up for residual stress measurements 
using continuous and monochromatic neutron beam from nuclear reactor, and pulsed and white 
neutron beam from a spallation source are shown in Fig. 1a and 1b respectively [10]. Gauge volume 
or measurement volume is defined by apertures on the incident beam side and on the detector side. 
The direction of strain measurement is defined by the diffraction vector Q. Direction of 
measurement of the diffraction vector can be changed by reorienting the sample, without changing 
the gauge volume. Diffraction peaks are recorded in 2� domain in case of monochromatic beam and 
in time of flight (k) domain in case of white neutron beam. There are many neutron diffraction 
facilities world over for residual stress measurements. Some important facilities are listed below. 
Reactor based:  
ILL, Grenoble, and Saclay, France; Berlin and Munich, Germany; Rˇ ež, Czech Republic; Chalk 
River, Canada; Petten, Netherlands; Budapest; NIST, MURR and HFIR, Oak Ridge, USA; ANSTO, 
Australia. 
Spallation source based: 
ENGIN-X at ISIS, UK, POLDI on SINQ, Switzerland, SMARTS at Los Alamos and VULCAN at 
SNS, ORNL, USA. 
 

Neutron diffraction provides peak location (2�) for a particular plane (hkl) along chosen 
scattering vector in the gauge volume. From this data lattice spacing (d) of the plane can be 

Fig. 1a: Schematic dragram showing 
neutron diffraction set up using 
monochromatic neutron source [10] 

Fig. 1b: Schematic dragram showing 
neutron diffraction set up using white 
neutron source [10] 



 

calculated using Bragg’s law, λ = 2dSin�. By conducting diffraction experiment, in the same 
setting, stress-free lattice spacing (do) for the same plane (hkl) along the same scattering vector can 
be obtained. Combining these two information one can calculate strain (ϵ) along the scattering 
vector as, ϵ = (d-do)/do. By measuring neutron diffraction peaks and therefore, strain along three 
principal directions x, y and z, one can obtain three orthogonal components jx, jy and jz of the 
residual stress in the gauge volume, using Eq. 1. 
 

      (1) 
 

Where σi and εi are stress and strain components in principal directions i = x, y and z, and E and ν 
are the crystallographic elastic moduli for the (211) planes.  
Location of measurements can be changed by manipulating (translating, rotating) the sample and 
thus residual stress distribution can be mapped. Because, fine gauge volumes of size as small as 
1x1x1 mm can be employed and therefore, it is possible to map very steep residual stress profiles 
resulting from high energy welding processes like laser and electron beam welding. 
 

Laser and electron beam welding are advanced joining processes capable of producing thick 
weld joints with with minimal heat input and negligible distortion. Due to low heat input and high 
welding speed, the fusion zone and the heat affected zone (HAZ) are narrow. This leads to steep, 
residual stress gradient in the vicinity of the fusion zone and HAZ. This poses challenges for 
residual stress measurements. Very limited literature is available in the literature on residual stress 
measurements in laser and electron beam welded plates [11, 12]. This paper presents results of 
residual stress measurements, in laser welded 9 mm thick 9Cr-1Mo(V, Nb) ferritic martensitic steel 
plate, using neutron diffraction. 
 
Material and Method 

9Cr-1Mo(V, Nb) ferritic martensitic steel plates (10 mm thick) in normalized (1800 s, 1050 oC) 
and temperd (1800 s,  770 oC) condition, were used in these studies. Its chemical composition is 
presented in Table 1. The plates were prepared for laser welding in square butt configuration 
(500x70x9 mm) by EDM wire cutting. Surface of the plate was machined to rempove the oxide 
layer and undulations resulting from rolling. Laser welding was carried out using continuous wave 
CO2 laser at 8 kW power and two welding speeds – 25 mm/s and 12.5 mm/s. Laser welded plates 
are shown in Fig. 2a. Neutron diffraction was carried out at ILL, Grenoble in France. This is a 
research reactor based neutron source. It has a dedicated instrument SALSA, for residual stress 
measurments using a monochromatic neutron beam (λ = 1.648 Ao). The source-detector angle is 
90o, giving a cuboidal gauge volume. This setting measures d-spacing for (211) planes oriented 
along the scattering vector. By suitably orienting the plate, diffractions peak for (211) were obtained 
along along three principal directions – longitudinal, transverse and normal. A fine gauge volume of 
0.8x0.8x2 mm was chosen for measurements of d-spacing in the longitudinal direction. An 
extended length (along longitudinal direction) gauge volunme of 0.8x0.8x20 mm was used for d-
spacing measurements in the transverse and normal directions. Measurement points were changed 
by translating the plate. Measurements were made across the weld joint at 1.5 mm and 4.5 mm 
depth below the top surface of the welded plates and also, through the thickness of the plate along 
the weld centreline and 2, 4 and 10 mm from it. For cross-weld measurements were made at a 
spacing of 0.5 mm to capture the anticipated sharp gradient in the stress profile, resulting from 
narrow fusion zone and HAZ. Measurement setting is shown in Fig. 2b. In this setting, the 
scattering vector is along normal direction and therefore, these measurements provide d-spacing for 
(211) plane along normal direction. The diffraction data was anslysed and converted into residual 
strain and then into residual stress using measured strain and elastic constants (E and ν) of the 
material emplying continuum mechanics.  

 



 

Table1.  Chemical composition of the steel in wt. % (Balance Fe) 
C Mn Zr Si P S Cr Mo Ni Cu Al  N Nb Ti V 

0.11 0.44 0.005 0.22 0.02 0.001 8.96 0.90 0.21 0.045 0.010 0.046 0.07 0.004 0.19 

 

    
 
 
 
Results and Discussion: 

Diffraction Peak Width Analysis: 
Full-width at half-maxima (FWHM) of the diffraction peaks shows a systematic variation across 

the weld joint (Fig. 3). Cross-section of the weld joint and representative neutron diffraction peaks 
for the parent metal (tempered martensite) and fusion zone (as transformed martensite) are also 
inserted in Fig. 3. Significant peak broadening in the fusion zone is on the account of high 
microstresses resulting from the martensitic transformation.  
 

 
 
 
 
 

 
 

Fig. 2a: Laser welded plates (500x140x9 mm) made 
at 8 kW laser power 

Fig. 2b: Neutron diffraction 
measurements at ILL, France 

Fig. 3: Cross-weld variation of FWHM of the neutron diffraction peaks, showing significant 
broadening of the diffraction peak in the fusion zone, due to martensitic transformation. 
Representative diffraction peaks of tempered martensite (parent metal) and as transformed 
martensite (fusion zone) are also inserted. 



 

Cross-weld Residual Stress Profile 
Cross-weld residual stress profile at 1.5 mm depth from the top surface for the plate welded at 

8kW laser power and 25 mm/s welding speed is presented in Fig. 4. Weld joint cross-section is also 
inserted as a marker of location. Longitudinal and normal components of the residual stress are two 
significant components, while the transverse component is the least significant. This is because; the 
fusion zone and HAZ have significant dimensions along longitudinal and normal directions, due to 
high depth to width aspect ratio of the joint. Cross-weld profiles of the longitudinal and the normal 
components show a trough in the fusion zone and a peak in the parent metal, adjacent to the HAZ, 
on either side of the weld joint. Cross-weld microhardness profile is also superimposed to show that 
peaks are indeed located the parent metal only. The trough in the cross-weld profile, in the fusion 
zone, is on the account of martensitic transformation. There is steep gradient in the profile as 
longitudinal component of the residual stress rises from ~ 50 MPa in the fusion zone to ~ 500 MPa 
in the parent metal, within 1.5 mm distance. Besides, neutron diffraction, only synchrotron 
diffraction is capable of capturing such a steep gradient in the stress field. 
 

 
 
 
 

 

 
 
 

Fig. 4: Cross-weld residual stress profile, showing variation of the three principal components – 
longitudinal, transverse and normal of the residual stress at mid-length cross-section and 1.5 mm 
below top surface in the laser welded plate at 8 kW laser power and 25 mm/s welding speed. 

Fig. 5: Map of longitudinal component of the residual stress on the one side of the mid-
length cross-section of the plate welded at 8 kW laser power and 25 mm/s welding speed 



 

Similar cross-weld residual stress profile, as that in Fig. 4, was obtained at varying depth from 
the top surface of the welded plate. Map of the longitudinal component of the residual stress on the 
one side of the weld centreline at mid-length cross-section in the laser welded plate at 8 kW power 
and 25 mm/s welding speed is presented in Fig. 5. From this figure, it can be seen that there is very 
littl e variation in the residual stress-field through the thickness of the plate, however, the region 
below mid-thickness is relatively compressive than that above in the fusion zone. 
 

Effect of Welding Speed on Residual Stress Profile 
Cross-weld profiles of longitudinal component of residual stress for the plates welded at 8 kW 

laser power and different welding speeds are shown in Fig. 6. Cross-weld microhardness profiles 
are also superimposed in this figure. From the microhardness profiles it can be seen that lowering 
the welding speed, while keeping the laser power unchanged (8 kW), has resulted in broadening of 
the fusion zone and the HAZ. However, the basic nature of the residual stress profile (a trough in 
the fusion zone and a peak in the parent metal) remains unalteres as a result of the reduced welding 
speed. The only change is that the trough is wider in the cross-weld residual stress profile at lower 
welding speed. This is on the account of widening of the as transformed martensitic region i.e. 
fusion zone plus HAZ. The martensitic transformation has a compressive effect on the residual 
stress in the region of transformation and therefore, a wider as transformed martensitic region 
results in a wider trough in the cross-weld residual stress profile.    
 

 
 
 
 
Summary and Conclusions: 

Cross-weld and through thickness residual stress profiles were measured in laser welded plates 
at 8 kW laser power and two different welding speeds using neutron diffraction. The results show 
that the residual stress-field is limited to very narrow region on the either side of the weld joint due 
to low heat input associated with laser welding process. Further, there is a clear ranking in the 
magnitude of the three components of residual stress in the order – longitudunal, normal and 
transverse. Cross-weld profile of longitudinal and normal components of the residual stress show a 
trough in the fusion zone and a peak in the parent metal adjacent to the HAZ on either side of the 
weld joint. The trough in the fusion zone is on the account of martensitic transformation of austenite 
as the joint cools after solidification, as martensitic transformation has a compressive effect on the 

Fig. 6: Cross-weld profile of longitudinal component of the residual stress in plate A (8 kW, 25 
mm/s) and plate B (8 kW, 12.5 mm/s), 1.5 mm below top surface 



 

stress-field in the region of transformation due to volume increase. The longitudinal and the 
transverse components show similar cross-weld profile on the account of high thickness to width 
aspect ratio of the joint. There is very little variation in the through thickness direction and the 
residual stress profile is very steep in the cross-weld direction. Lowering of welding speed, while 
keeping the laser power same, does not change shape of cross-weld profile of the residual stress, 
however, the trough gets widened. This is on the account of wider fusion zone and HAZ region.   
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