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• Industry access to neutron sources
• Some examples of industrial use of neutrons
• Neutrons for engineering (materials)
• Residual stresses – origins and effects
• Residual stress measurements
• Examples of industry connected residual stress measurements using neutron scattering
• Brief outlook 

Aim of this lecture: to provide an insight into how neutrons can be used to investigate 
engineering materials and components, in particular residual stress measurements, and 
give examples of how this is used in industrial research and development.

Neutrons for industry and engineering
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Industry and large-scale facilities

Proprietary access though
payed beam time

Free access through
peer-reviewed proposals

Results

Results

Academic 
researchers

Industry users

Openly 
published
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Neutrons for industry
Examples of results from facility websites
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Vibrational spectroscopy 
at VISION at SNS

Diffraction at GEM
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Vibrational spectroscopy using inelastic neutron 
scattering at TOSCA

Reflectometry at CRISP
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Reflectometry at INTER

SANS at LOQ
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Strain mapping at VULCAN at SNS

Strain mapping at 
NRSM at HFIR

Strain mapping at SALSA
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Strain mapping at ENGIN-X
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Airbus wing prototype investigated for 
residual stresses at ENGIN-X, ISIS.
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Neutrons for engineering (materials)
What can we do?
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Neutron scattering for engineering materials
Diffraction

• Texture
• Note, often easier ways to measure texture (lab X-rays, EBSD, …).

• Phase distribution/transformations
• Lab X-rays or microscopy is usually sufficient, and synchrotron radiation has much better time resolution 

for kinetic/in-situ studies
• Strain/stress

• Most common application. Need to know stresses/strains inside large components without sectioning. 
Benefits from large sampling volumes and cubic gauge volumes. Complicated geometries possible to 
handle. Possible to do in-situ measurements.

Small-angle scattering
• Precipitation/decomposition

• Large sampling volumes, contrast complementary to SAXS, plus magnetic scattering. Low flux limits in-
situ measurements to systems with slower kinetics. Small cluster sizes.
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Residual stress
What are they, where do they come from, and why do we 

care so much?
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“Residual stresses are those stresses which are retained within a body when no external forces are 
acting. Residual stresses arise because of misfits (incompatibilities) between different regions of the 
material, component or assembly”

P. J. Withers: Residual stress and its role in failure
Reports on Progress in Physics 70 (2007) 2211–2264.

Residual stresses
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Types of residual stresses
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Macroscopic (Type I)

• Balance over macroscopic 
scales (comparable to the 
component scale).

• Neglecting microstructure.

• Well described by 
continuum mechanics.

• Typical origin: processing, 
heat treatment, welding, 
deformation, shot peening, 
…

Microscopic (Type II, intragranular)

• Local deviations from the average 
Type I stress on scale of the 
microstructure (grain scale)

• In single phase materials it depends 
on e.g. anisotropic elastic or plastic 
response

• In multiphase materials depends on 
properties of individual phases as 
well.
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Microscopic (Type III)

• Local deviations from the Type II 
stresses

• Usually caused by gradients in 
dislocation density or point 
defects 
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• Plastic deformation
• Plastic working
• Metal cutting
• Shot peening

• Thermal origins
• Rapid cooling
• Thermal coefficient mismatch

• Phase transformations
• Solidification
• Surface treatment
• Martensite formation
• Oxidation

Origin of residual stresses
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• Welding or localized heat 
treatments

• Thermal gradients
• Phase transformations

• Composites/multiphase materials 
or systems

• Reinforcement/matrix 
compatibility

• Surface coatings

T. Hyde et al.: J. Multiscale Modell.. 1 (2011).

Courtesy Magnus Ekh, Chalmers

Origin of residual stresses
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• Detrimental effects
• Large effect on fatigue life! Tensile residual stresses increases the risk for crack initiation, accelerated crack 

propagation rates and fracture. This need to be accounted for!
• A particularly detrimental case is the interaction between mechanical loads and environment, e.g. stress 

corrosion cracking.
• Additionally, the relaxation of residual stresses from previous process steps during e.g. machining could lead 

to geometrical changes outside allowed tolerances.

• Beneficial effects
• Compressive residual stresses at surfaces can significantly reduce the risk for e.g. crack initiation. This is 

utilized by applying e.g. shot peening to fatigue sensitive surfaces. Only works as long as the stresses can 
be retained during service!

• Typically intentionally or unintentionally relieved by thermal treatments (and mechanical loads)
• Important to know and control the residual stresses!

Effect of residual stresses



9/20/17 NNSP-SwedNESS Neutron School, Tartu, 2017 24

Residual stress measurements
How can we find the residual stresses in engineering 

materials and components, and how do neutrons come into 
the picture?
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Measuring residual stresses
Or rather measuring residual strains
For a general stress state 6 independent strain 
measurements must be performed to obtain all stress 
components

If the principal stress directions can be inferred from 
geometry or modelling, the number of necessary 
measurements reduces to three. Further reductions for 
e.g. plane stress/strain or uniaxial states.
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Mechanical methods
• Curvature
• Sectioning
• Hole drilling
• Contour method

Methods

www.stresscraft.co.uk
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Methods
Diffraction methods

• Lab X-rays
• High-energy synchrotron X-rays

• q/2q method
• Angle dispersive diffraction
• Energy dispersive diffraction

• Neutrons
• Angle dispersive diffraction
• Energy dispersive diffractionhttp://ast.stresstechgroup.com/ F. Jafarian et al.: Measurement 63 (2015) 1.
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Diffraction methods – Lab X-rays
Applying elastic strain to a crystal will strech it, thus changing the interplanar spacing. By 
determining the changes in lattice spacing from the strain-free state, the lattice itself can be 
used as a strain gauge:

Q

s1 s2sf

Q
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Limitations of lab X-rays
• Limited penetration depth – surface

measurements only
• Bi-axial assumption – general case 3D 

and complicated
• Material removal and corrections 

necessary for depth profiling
• Geometrically constrained
• hkl specific elastic constants not always 

accurately known Introduction to the characterization of residual stress by neutron diffraction (2003), M.T. Hutchings et al. (Eds.)
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Limitations of lab X-rays
• Peak shift might not be linear with strain (only certain 

peaks suitable). 
• Shifts are due to a combination of Type I and Type II 

stresses, not easily resolvable for single peaks (Type III 
mainly causes peak broadening)

Analysis of residual stresses by diffraction using neutron and synchrotron radiation (2005). M.E. Fitzpatrick, A. Lodini (Eds.)

Introduction to the characterization of residual stress by neutron diffraction 
(2003), M.T. Hutchings et al. (Eds.)
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Neutron and synchrotron diffraction

Introduction to the characterization of residual stress by neutron diffraction (2003), M.T. Hutchings et al. (Eds.)

Lab X-rays 8.4 keV
Synchrotron 41.3 keV
Synchrotron 82.6 keV
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Synchrotron diffraction
• High energies means large penetration 

(for HE white beam several cm 
depending on material), measurements 
typically done in transmission

• Small diffraction angles
• High flux gives short measurement times

• High lateral spatial resolution, but 
through-thickness average (can be 
solved with conical slits etc) or very 
elongated gauge volumes, e.g. ~2.3 mm 
for 0.1 mm slits and 5° 2q

• Difficult to maintain same diffracting 
volume when measuring strains in 
different directions

• For (b) and (c) it’s possible to use lattice 
parameter instead of interplanar spacing 
through refinement of entire profile, which 
gives better average strain estimates and 
use of macroscopic elastic constants

Analysis of residual stresses by diffraction using neutron and synchrotron radiation (2005). M.E. Fitzpatrick, A. Lodini (Eds.)
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• The use of synchrotron or neutron scattering for determination of 
internal strains allows acquisition of data in-situ during application 
of an external load.

• Advanced sample environments facilitate such testing in 
combination with controlled temperatures (in the range from 
cryogenic to ~1500 °C) and aggressive environments

• During in-situ testing, it is possible to follow the development of 
(average) internal strain distribution between e.g.

• different phases in a material
• grains of the same phase with different orientations

as a function of load, time, temperature etc.
• For some techniques texture evolution can be followed
• Specific synchrotron based techniques even allow extraction of 

data from single grains (and their environment) in polycrystalline 
materials

In-situ mechanical testing

M. Daymond et al. Acta Mater 55 (2007) 3089
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• Penetration depth of mm to several cm in engineering materials

• Angle dispersive (constant wavelength) techniques at continuous sources
• Energy dispersive (time-of-flight) techniques at pulsed sources

• Easy to obtain diffraction angles around 90°
• (Nearly) cubic gauge volume
• Measurements on complicated geometries

• Low flux compared to synchrotron radiation give long measurement times

• The ideal strain scanner includes possibility to adjust gauge volume, room for large specimens 
and flexible positioning and movement of specimen

Neutron diffraction for strain mapping
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Constant wavelength sources (reactors)

E3 diffractometer BERII/HZB
https://www.helmholtz-berlin.de/
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Angle dispersive (constant wavelength)

E3 diffractometer BERII/HZB
https://www.helmholtz-berlin.de/

STRESS-SPEC FRMII
http://www.mlz-garching.de/stress-spec
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Angle dispersive (constant wavelength)

STRESS-SPEC FRMII
http://www.mlz-garching.de/stress-spec

E3 diffractometer BERII/HZB
https://www.helmholtz-berlin.de/



9/20/17 NNSP-SwedNESS Neutron School, Tartu, 2017 38

Angle dispersive (constant wavelength)
• Suitable diffraction peak(s) for strain 

measurements chosen (not all are suitable!)

• Wavelength from monochromator selected
to obtain scattering angles around 
90° for selected diffraction peak

dhklSpecimen

Q

Gauge volume Diffracted
beam

Q
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Strain scanning at constant wavelength sources (reactors)
Example of instruments

Europe
• SALSA at ILL (Grenoble)
• E3 at BERII (Berlin)
• STRESS-SPEC at FRMII (Munich)
• HK4 at LVR-15 (Prague)

USA
• HB-2B NRSF2 at HFIR (Oak Ridge)
• BT-8 at NIST (Washington)

Australia
• KOWARI at OPAL (Sidney)

Advantages

• Fast if single peaks are sufficient

Disadvantages

• May need several scans for multiphase 
materials

• Only one strain direction
• Does not measure intergranular strains
• Can be difficult for textured materials
• Multiple specimens for in-situ tests if 

several peaks are needed
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Time-of-flight (energy
dispersive diffraction)

www.isis.stfc.ac.uk
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TOF engineering diffractometer
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TOF engineering diffractometer

www.stfc.ac.uk
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TOF engineering diffractometer
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Intergranular stresses

M.R. Daymon et al.: J. Appl. Phys. 82 (1997) 1554.

• Complete diffraction pattern for each position (in 
both directions)

• Information about all present (measureable) 
phases

• Possible to use lattice parameter from 
refinements instead of interplanar spacing

• Resolve overlapping peaks
• Information about texture
• In-situ measurements on single specimens
• Possible to resolve intragranular (type II) 

stresses
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Engineering diffractometers at pulsed neutron sources

Example of instruments

Europe
• POLDI at SINQ (Villagen)
• ENGIN-X at ISIS (Didcot)
• BEER at ESS (Lund)

USA
• VULCAN at SNS (Oak Ridge)
• SMARTS at LANSCE (Los Alamos)

Asia
• TAKUMI at JPARC (Tokai)
• CSNS

Advantages

• Full diffraction patterns
• Faster for multiple peaks
• Good for textured materials
• Two orthogonal directions
• Intergranular strains
• Single specimen for in-situ tests

Disadvantages

• Lower time-averaged flux
• Limited availability (fewer sources and less 

”up-time” compared to reactors)
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• Far-field measurements (if representative)
• Powders and standards (if representative)
• Slices, cubes or combs
• Stress balance (if possible)

Other methods possible as way, see e.g. P.J.Withers et al. J. Appl. Cryst. 40 (2007) 891.

For neutron (and synchrotron) measurements, separate determination of the strain free lattice 
parameter is required in order to obtain quantitative strain values. Correct measurement of a0 or d0
is critical for the accuracy of the strain measurements. Note that the lattice parameter is a function 
of local chemistry and temperature. There are a number of common ways to measure a0/d0:

Strain free lattice parameter, a0, or interplanar spacing, d0
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Examples?
Some published examples connected to industrial use of 

neutron scattering for residual stress measurements

Note! Only based on publically available results!
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• Dissolution of secondary phases increases solute content, which 
changes the lattice parameter

• The effect is different at different locations
• The effect is different for different lattice planes

Measurements at L3 diffractometer at CNBC
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• Dissolution of secondary phases increases solute content, which 
changes the lattice parameter

• The effect is different at different locations
• The effect is different for different lattice planes

Measurements at L3 diffractometer at CNBC

P.J.Withers et al. J. Appl. Cryst. 40 (2007) 891.
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A. Lombardi et al.: Canad. Metall. Quart. 54 (2015) 30.
A. Lombardi et al.: Mater. Lett. 157 (2015) 50.
A. Lombardi et al.: Mater. Sci. Eng. A697 (2017) 238.

Residual stresses in Al alloy engine blocks

Measurements at L3 diffractometer at CNBC
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Residual stresses in Al alloy engine blocks

Before heat treatment After heat treatment

Axial stress during
in-situ heat treatment
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Residual stresses in Al alloy engine blocks

• Possible to follow the 
relaxation of residual 
stresses in-situ at high 
temperatures

• Possible to determine local 
residual stresses internally 
in large complex engine 
blocks

• Allows verification of 
industrial processes and 
models

• This in turns allows 
optimization of processes 
and modelling approaches
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Residual stresses in combustion 
engine cylinder head before and after 

durability test

Measurements at VULCAN (SNS)Measurements at RESA-1 at JRR-3
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M. Karagde et al.:. Metall. Mater. Trans. 42A (2011) 2301.

Thermal relaxation of residual stresses in Nickel-based superalloy inertia 
friction welds

Full-scale aero engine high pressure
compressor drum

650 mm

Sub-scale inertia welded rings
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M. Karagde et al.:. Metall. Mater. Trans. 42A (2011) 2301.

Thermal relaxation of residual stresses in Nickel-based superalloy inertia 
friction welds

Full-scale aero engine high pressure
compressor drum

650 mm

Sub-scale inertia welded rings

Measurements at ENGIN-X at ISIS and SALS at ILL
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Thermal relaxation of residual stresses in Nickel-based superalloy inertia friction welds

r

z
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Thermal relaxation of residual stresses in Nickel-based superalloy inertia friction welds

Hoop stresses Axial stresses
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Thermal relaxation of residual stresses in Nickel-based superalloy inertia friction welds

Hoop stresses Axial stresses
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M. Turski, et al.: Int. J. Press. Vess. Piping. 89 (2012) 9.

Effects of stop–start features on residual stresses in a multipass
austenitic stainless steel weld
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Effects of stop–start features on residual stresses in a multipass austenitic stainless steel weld

• Start–stop features result in local significant increases in tensile residual stresses, in particular if the interruption is abrupt (less 
for ramped interruptions).

• In the case when over-lay weld passes are applied, the local stress increase persists in the case of abrupt interruptions.
• These effects are important for the planning and execution of welding operations, in particular repair welds when grind-outs 

are necessary.

Measurements at POLDI (SINQ at PIS) and STRESS-SPEC (FRM-II)
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Z. Wang, et al.: Mater. Design 113 (2017) 169

Residual stress mapping in Inconel 625 fabricated through additive
maufacturing: Method for neutron measurements to validate
thermomechanical model predictions

Measurements at VULCAN (SNS)
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Residual stress mapping in Inconel 625 fabricated through additive maufacturing: Method for 
neutron measurements to validate thermomechanical model predictions

• Good agreements between experiments and simulations
• Stress relieving reference specimens can lead to erroneous results due to microstructural 

changes.
• Remember: Differences in strain free lattice parameter depends on local chemical variations

Stress in length direction Stress in height direction Stress in height direction
(stress relieved reference)



9/20/17 NNSP-SwedNESS Neutron School, Tartu, 2017 63

Outlook: neutrons for engineering

• In-situ measurements during (simulated) processing and service. This is 
aided by increased neutron flux and development of advanced sample 
environments.

• Additive manufacturing will likely increase the interest for neutron 
scattering strain measurements (in particular for TOF diffraction since 
texture is usually pronounced in AM processes)

• More focus on model development/calibration/validation, not least with 
respect to AM processes




