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ABSTRACT
The presence of residual stresses in engineering components can significantly affect their
load carrying capacity and resistance to fracture. In order to quantify their effect it is
necessary to know their magnitude and distribution. Neutron diffraction is the most
suitable method of obtaining these stresses non-destructively in the interior of
components. In this paper the principles of the technique are described. A
monochromatic beam of neutrons, or time of flight measurements, can be employed. In
each case, components of strain are determined directly from changes in the lattice
spacings between crystals. Residual stresses can then be calculated from these strains.
The experimental procedures for making the measurements are described and precautions
for achieving reliable results discussed. These include choice of crystal planes on which
to make measurements, extent of masking needed to identify a suitable sampling volume,
type of detector and alignment procedure. Methods of achieving a stress free reference are
also considered. A selection of practical examples is included to demonstrate the success
of the technique.

1. Introduction

The presence of residual stresses in engineering components can significantly
affect their load carrying capacity and resistance to fracture. Residual stresses can be
introduced into components during fabrication and as a result of creep and plastic
deformation incurred during use. Manufacturing processes which can produce residual
stresses include welding, forging, bending and machining operations. An illustration
of how plastic bending can generate a residual stress distribution is shown in Fig 1. A
characteristic of residual stress distributions is that they must satisfy load equilibrium.
They are incurred because the material which remains elastic attempts to revert to its
initial state but is constrained from doing so by the permanently yielded material. As a
consequence, regions of material which have previously yielded in tension develop a
compressive residual stress whereas those which were plastically deformed in
compression generate tensile residual stresses. Normally compressive residual stresses
in components are beneficial since they inhibit fracture processes and tensile residual
stresses are detrimental as they assist cracking [1,2].

Several techniques [3] are available for measuring residual stresses. They include
X-ray diffraction [4], neutron diffraction [5,6], hole drilling [7], slicing [8] and boring
[9] methods. In all cases, strains are measured and then stresses calculated. With the
mechanical procedures, the component is cut, bored or drilled to produce a relaxed
stress state. These procedures are therefore, at least, partially destructive. The original
residual stress distribution is evaluated by analysis of the changes in strain that are
obtained during the machining operations. By contrast, the diffraction methods are
non-destructive. Although the X-ray technique is well established, it is restricted to
near surface determinations of residual stress as X-rays interact strongly with orbiting
electrons and are absorbed after penetrating less than 100 Jim in most metals. This
procedure can be used to obtain sub-surface measurements by progressive surface layer
removal but then it becomes destructive like the mechanical methods. Only the neutron
diffraction technique is capable of measuring residual stresses non-destructively within
the interior of components. This is because the uncharged neutrons only react weakly
with electrons so that they can penetrate several centimetres into most metals.
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Fig 1 Generation of a residual stress field by plastic bending
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Fig 2 Scattering Debye Scherrer cones from a polycrystalline material subjected to a
monochromated neutron beam [10]
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In this paper the principles of the neutron diffraction method for measuring
residual stresses are presented. The precautions needed to ensure reliable results are
discussed. It is shown how stresses can be calculated from measured strains.
Examples of several engineering applications are included to illustrate the success of the
technique.

2. Principles of the Technique

2.1 Introduction
The neutron is a fundamental particle of mass m = 1.675 x 1O'27 kg. Its velocity

is directly related to its energy or wavelength through de Broglie's relation so that for a
velocity v and Planck's constant h, the wavelength is given by;

mv)

The neutron reacts weakly with matter and as such can penetrate several centimetres into
most metals thus making it ideal for the examination of materials. When neutrons
impinge on a material they are scattered by the nucleus. The scattering process can be
elastic or inelastic. The process is termed elastic if there is no energy transfer between
the neutron and the nucleus. With elastic scattering the scattered wave can interfere
with scattered waves from nearby nuclei and produce localised maxima in neutron
intensities according to the Bragg equation. For this to occur the distance between the
planes of nuclei (d-spacing) mast be of the same order of magnitude as the neutron
wavelength. Fast neutrons p/oduced in nuclear reactors are moderated to produce
thermal neutrons which have wavelengths of the order of 0. lnm which is comparable to
the crystal spacings in metals and are therefore appropriate for measuring the d-spacings
in most engineering materials. The Bragg equation is given by;

nX = 2d(hki)Sine(hki) (2)

where n is an integer, d is the distance between sets of parallel (hkl) crystal planes and
26 is the scattered angle. From the above expression it can be seen that the interatomic
distances between sets of (hkl) reflections can be obtained when X and 8 are known.
Two methods are described for obtaining d.

2.2 Monochromatic Beam
It is possible to filter out from a white (polychromatic) beam, neutrons having the

same wavelength. This is done using a monochromator and allows a monochromatic
beam to impinge on a sample. Figure 2 shows the scattering of neutrons with the
Debye Scherrer cones from a polycrystalline material subjected to a monochromatic
neutron beam. Each diffraction cone corresponds to different crystallographic spacings
d. The maxima for a family of crystallographic planes, denoted by the Miller indices
(hkl), are given by the Bragg equation (2). An illustration of the diffracted neutron
intensity with scattering angle for mild steel is indicated in Fig 3. Keeping the
wavelength constant the Bragg equation can be differentiated to produce the following,

0 = 2Adsin6 + 2dcos8 A6 (3)

so that the lattice strain e in the direction of the scattering vector is given explicitly as

e = — = -A0cot6 (4)
d

Hence if a shift A8 in the diffraction peak can be measured, the strain can be obtained.
To calculate absolute values of strain the unstressed lattice spacing do (and hence the
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Fig 3 Diffraction pattern for steel

unstressed reference angle 29o) must be known. Obtaining the unstressed lattice
spacing is more of an art than a science and is based largely on experience [11].
Typical methods used by most researchers include (i) measurements on a powder
sample of the material, (ii) carrying out a force balance across a section of the
component, and (iii) determining the value cf 20 in a region of the component where
little stress is expected e.g. at corners.

2.3 Time of Flight
An alternative approach to having a monochromatic beam impinge on a sample is

to use an intermittent white beam composed of a range of neutron wavelengths
(velocities). The time it takes for neutrons to travel the distance L from a moderator to
the detector after scattering from the sample is, from Eq (1),

(5)I h )

Shorter wavelength neutrons will clearly reach the detector first. The time at which
neutrons reach a detector at a fixed angle 26 can be measured. This is called Time of
Flight (TOF) diffraction. Keeping 26 fixed and differentiating the Bragg equation, for
n=l gives

= 2sin6Ad (6)

or by combining Eqs. (5) and (6),

AX
X

Ad

d

At

t
(7)

It is possible therefore from Eq (7) to obtain a profile of neutron intensity vs time
or wavelength identical in profile to figure 3 but with time of flight or d-spacing values
replacing the 26 axis. Hence a shift At in the diffraction peak can be used to obtain
strain measurements. TOF techniques are typically used in pulsed neutron sources.
Because the full diffraction pattern is obtained profile refinement techniques may be
used to obtain engineering strain. Here, rather than measure the shift of a single peak,
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the whole diffraction pattern is analyzed to produce an overall lattice parameter. This
can be compared with the lattice parameter for unstressed material to give the
engineering strain. The same problems are encountered in establishing a stress free
reference as when using a monochromatic beam.

2.4 Engineering Material Issues
The two properties of most interest to engineers when making neutron diffraction

measurements are the absorption and scattering characteristics of the material. Also of
interest are grain size and texture. Table 1 shows various neutron scattering parameters
for some elements which comprise the majority component of many common
engineering alloys [12]. Absorption is exponential and statistical errors vary
approximately as the square of the counting time. It is possible to define an "economic
thickness" x through which reasonably good quality data should be possible in these
materials.

Table 1 Scattering Properties of Common Engineering Materials

Element
Neutron scattering length b (nm)
Intensity (ab2)
Absorption coefficient \i (mm-1)
50% transmission thickness (mm)
10% transmission thickness (mm)
1% transmission thickness (mm)
"Economic thickness" b V ^ = 1 (mm)

Fe
9.5
90.3
0.12
5.8
19.2
38.4
37.5

Ni
10.3
106.1
0.18
3.9
12.8
25.6
25.9

Ti
-3.4
11.6
0.05
13.9
46.1
92.1
49.0

Al
3.5
12.3
0.01
69.3
230.3
460.5
250.6

The scattering length b is an indication of the number of neutrons scattered from a
nucleus for the same number of incident neutrons. The absorption coefficient |i is an
indication of the number of neutrons absorbed by the material. The ideal material for
engineering strain measurements would be one having a very high scattering length b
and a very small absorption coefficient (X. This would allow high quality data to be
obtained at very large depths. It can be seen that nickel and steel scatter neutrons well
but have a higher absorption coefficient than titanium and aluminium. So for example
the thickness of a titanium or aluminium specimens would not be of particular concern
for neutron strain measurements although their poor scattering properties would. The
high absorption coefficients of nickels and steels make specimen thickness critical.

3. Determination of Stress from Strain

For a uni-axial stress state, when the elastic strain £ in the direction of stressing is
known, the stress a can be calculated from,

o = E.e (8)

where E is the elastic modulus of the material. However, in general a multiaxial stress
state will exist in many components. In this case, for an isotropic material, the stress
tensor Oy at a point will be given in terms of the elastic strain tensor £y by,

O ()1J (1 + v) 1J (l + v ) ( l -2v) IJ tt

where v is Poisson's ratio, 8y = 1 for i = j , 5jj = 0 for i * j , i and j take values of 1, 2
or 3 and e\± is defined as the summation
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(10)

for coordinate directions, 1,2 and 3.
For anisotropic materials Eq (9) must be written in terms of the elastic stiffness

constants Qjki of the material as,

(11)

where Qjki relates the stresses in the directions ij to the strains in directions kl.
It is evident from these equations that to define the strain tensor completely at a

point, neutron diffraction measurements in six orientations are required. However,
when the principal directions are known, three orientations will suffice because the
shear stresses and strains on the principal planes are zero. When the principal
directions coincide with the coordinate directions x, y and z for an isotropic material Eq
(9) simplifies to,

v)(l-2v)
[(l-v)e2+v(ex+ey)] (12c)

In practice, from a knowledge of the fabrication procedures or loading conditions
imposed on a component, it is often possible to infer the principal directions. Clearly,
by making use of this information neutron measurement times can be halved. When
plane stress conditions or plane strain conditions prevail, measuring times can be
further reduced. A plane stress state is most likely to exist in thin sheet and a plane
strain state in thick plate.

4. Experimental Method

4.1 Introduction
There are a number of constraints and factors to be considered when performing

an experiment and these may affect the experimental method adopted. There is a time
constraint; neutrons are expensive and engineering measurements typically use a very
small proportion of the neutron beam. There are geometry constraints as the space in
which the samples are mounted restricts the examination of large or heavy components.
There is a sample thickness constraint as thicker samples require longer measuring
times. Other factors to be considered are the nature of the beam (monochromatic,
white), type of detectors used and the accuracy needed. All these influence the
experimental method that can be employed.

4.2 Choice of(hkl) Reflection
In most residual stress experiments a monochromatic neutron beam is used. The

neutron intensity profile of a single (hkl) reflection is measured and the shift in the
centre of the peak is related to the strain at that point. A single crystal is anisotropic by
virtue of the structure of its unit cell and the bonding between atoms. Most engineering
materials however are polycrystalline with random orientations of the crystallites which
ensure bulk isotropy. It is possible therefore for the different (hkl) reflections to
experience different strain levels while subjected to the same stress.
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Calibration experiments performed by pulling tensile specimens in situ in a
neutron beam can generate the elastic constants relating to a particular (hkl) reflection
and allow engineering stress to be obtained from specific (hkl) strains. Figure 4 shows
the response obtained when a steel bar was pulled beyond the yield point in the neutron
beam on ENGIN at ISIS, Rutherford, UK [13]. This figure shows the elastic
anisotropy of selected (hkl) reflections compared with bulk strain gauge measurements.
It has also been observed that if a material is subjected to uniform tensile straining in the
plastic region, on unloading different levels of residual stresses are found to be obtained
from different (hkl) reflections. This is due to the effects of local slip and constraints
between neighbouring grains. It is therefore important for accurate stress
measurements that an (hkl) reflection is used that develops little or no residual stress
after uniform straining into the plastic region. For steels it has been found that the
(211) or (200) reflections are suitable. In aluminium and nickel alloys the (311)
reflection is most appropriate.

Practical considerations when selecting an (hkl) reflection are a good neutron peak
intensity above the background (signal to noise), a well defined Gaussian shape, a
narrow width and a diffraction angle close to 90° for good sampling volume shape. It
is seen from Eq. (4) that maximum angular resolution is obtained at large Bragg angles
near to back scattering when tanS is large, but the best spatial resolution occurs at
20 = 90° when the gauge volume has a rectangular cross-section. In practise a
compromise between angular and spatial resolution is made depending on the particular
problem that is being investigated and the resolution characteristics of the instrument.

4.3 Masking of the Neutron Beam
Engineers often want to know the variation of residual stress within a component.

To do this the neutron beam is usually masked using a strongly neutron absorbi lg
material such as cadmium or boron carbide. The effect of this is to produce a gauge
volume within the sample defined by the masking used on the incident and diffracted
beams as illustrated in Fig 5 [14].. The measured strains are averages within this
sampling volume and therefore in principle this volume is made as small as is practically
possible considering the time constraints. The shape of the sampling volume is
dependent on the masking size and the 20 angle of measurement. Typical gauge
volumes used are 2 x 2 x 2 mm and 1 x 25 x 1 mm.

4.4 Set-up Procedure
Stress gradients in engineering components can be as high as 2000 MPa/mm.

Precise location of the specimen and the point of strain measurement is critical. It is
therefore essential that the location of the centroid of the sampling volume is known to
within 0.1mm. Also because the component is usually translated and rotated in the
beam to permit the measurement of at least 3 orthogonal strain components, it is
important that the strains are measured at the same point in the sample following a
rotation. There are very few purpose built instruments for residual stress
measurements and as such diffractometers typically have to be set up before an
engineering stress experiment. There are a number of techniques for making sure that
the precise path of the incident and diffracted neutron beam is known. The centre of
rotation of the co-table is usually made a reference. A fine pin is usually positioned on
the co-table at the height of the beam and rotated until there is no translation of the pin
during rotation when observed using carefully positioned telescopes [15]. The
telescopes are then locked on the pin defining the centre of rotation of the co-table. The
objective is then to mask the incident neutron beam such that it is focussed on the centre
of the co-table. This is achieved by adjusting the masking on the input side using
micrometer controls. Having achieved this the masking on the exit side of the beam is
obtained, usually by scattering off of a steel pin. Once the centre of rotation of the co-
table is known as well as the direction of the neutron beam, lasers may be used to make
the mounting of specimens easier and faster.
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4.5 Type of Detector
Engineering strain measurements using neutrons differ from conventional

diffractometry in a number of ways. Engineers typically measure the intensity
distribution of a single peak to a high accuracy while in diffraction a whole profile is
measured with less accuracy. Engineers normally reduce the size of the incident beam
on the sample to improve spatial resolution; in diffraction a large beam aperture is
normally used. These combined provide a severe challenge and a large amount of
expertise is focused on the efficient use of the detectors to reduce the time for
measurements.

The simplest form of detector is a single detector, usually with sollers in front to
improve angular sensitivity. The detector is usually scanned in small steps about a
diffraction peak. An example of this type of detector is provided on instrument HB4 at
the HFR, Petten, Holland.

Some diffractometers are equipped with a multi-detector. This is in principle an
arrangement of single detectors in a bank at angular intervals. Instrument D1A at the
ILL Grenoble, France, is fitted with a multidetector, having 25 He3 detectors in a bank
at 6° intervals. For engineering strain measurements only a single detector is used
unless the angular discrimination between the detectors in the bank is small.

Finally there is the position sensitive detector (PSD), where the position at which
the neutrons impinge on the detector is known. This type of detector allows
measurements to be made faster than with single detectors as the entire intensity profile
can be obtained over a region of 2-4° without scanning the detector. There are however
precautions to be taken when using PSD's for stress measurements as it has been
observed that large peak shifts occur at surfaces in powder samples. Careful
positioning of the masking slits in front of the specimens as well as the use of
correction software on the data can be used to overcome these problems. Instrument
D20 at the ILL is fitted with a PSD as well as ENGIN at ISIS.

4.6 Data Analysis
Where a number of single diffraction peaks are obtained at various locations in the

specimen, the peak profile is usually approximated to a function that best fits the data.
The natural shape is that of a Gaussian. The Gaussian fit provides the following
information; peak intensity, peak position, full width at half maximum (FWHM) and
the background intensity. Shifts in peak position indicate macrostrain, variations in the
intensity usually indicate texture while variations in the FWHM indicate stress gradients
or extent of plasticity. In TOF diffraction the scattered neutron intenstiy profile is often
approximated with a combination of statistical functions for example a convolution of a
Gaussian instrumental term and an exponential moderator pulse term.

5. Practical Applications

In order to illustrate the application of neutron diffraction for measuring residual
stress a number of practical cases will be considered. Examples involving shallow and
steep stress gradients through homogeneous and inhomogeneous materials will be
included. Where appropriate comparisons will be made with other experimental
methods and numerical analysis techniques.

5.1 Autofrettaged Ring
The highest tensile stresses in thick-walled cylinders which are subjected to

internal pressure loading are generated at the bore. When this pressure is pulsating, it
can cause fatigue cracks to initiate at the bore. Once formed, a crack will continue to
propagate through the wall until a leak or burst occurs. One way of enhancing the
resistance to fatigue failure of a thick-walled cylinder used for high pressure
applications is to produce a compressive residual stress at the bore prior to use. This
can be achieved by subjecting the cylinder to an initial 'over-pressure' to cause tensile
yielding at the bore. This process is called autofrettage. It is commonly applied to gun-
barrels and to pressure vessels in the chemical process industry.
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Fig 6 Dimensions of autofrettaged ring specimen.

106-5 109-135°

Fig 7 Peak profile for the (211) reflection at different radial positions through the
autofrettaged ring specimen
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Figure 6 shows the dimensions of a ring specimen which was removed from an
autofrettaged steel cylinder for residual stress measurement by neutron diffraction and
by the established Sashs boring technique for comparison [6]. The neutron diffraction
determinations were made using instrument D1A at the ILL. The specimen was
clamped in a support which permitted it to be translated horizontally and vertically
through the neutron beam. Masks were used to identify an 8 mm long by 1.8 mm
cross-section sampling volume. This sampling volume was then traversed in steps in
the radial direction r across the ring width W and shifts in the peak profile for the (211)
reflection obtained.

An example of the results recorded for the hoop orientation is presented in Fig 7
where the curves have been displaced vertically for clarity. Also shown in this figure is
the zero strain reference position corresponding to 26 = 109.135 degrees. This was
obtained by sampling a large volume of unstressed material. As indicated from Eq (4),
a shift in the peak to lower angles than the zero strain position corresponds to
extension, and to high angles to compression. A change from compression near to the
bore to tension at about mid-radius and back to compression towards the outer diameter
is clearly apparent. Similar measurements were made for the axial and radial
orientations and Eqs (12) used to calculate the residual stresses.

An illustration of the residual stresses which were determined for the hoop
direction are shown in Fig 8. Good agreement is achieved with the Sachs boring
method and with a modification of this process involving machining from the outer
diameter (OD) [6]. The high beneficial compression generated at the bore by the
autofrettage treatment is clearly evident.

-300

o Neutron diffraction
Sachs boring

v Sachs machining from OD
O Sachs boring

Fig 8 Comparison of residual hoop stresses determined by the neutron diffraction and
Sachs methods.
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5.2 Shot Peening
It is possible to improve the fatigue performance of engineering components by

introducing beneficial compressive residual stresses at the surface which can inhibit
crack initiation and growth. Shot peening is a mechanical surface treatment process
where many small beads are fired at the surface to be treated. This process causes
material at the surface to yield keeping the bulk of material elastic. This results in the
generation of residual stresses at the surface. The shot peening process parameters
determine the magnitudes and the distribution of the induced stresses as well as the
depth of plastic deformation. The region of interest when determining the residual
stresses is very shallow, of the order of 0.5mm from the surface.

It is possible to measure the residual stresses in peened material by stepping the
sampling volume through the surface region in the principal directions as shown in
Fig 9. Usually a matchstick shaped sampling volume is used to exploit the symmetry
from the peening process. The data requires deconvolution to correct for the positions
of the centroid of the sampling volume. After deconvolution the residual stresses are
calculated using Eqs (12).

Residual stresses measured in a shot peened specimen is shown in Fig 10. These
results show compressive stresses at the surface close to the yield stress of the material.
There is a rapid reduction in the compressive stresses to zero in 0.3mm. Also of
interest is the subsurface tensile stresses measured with neutrons which is often not
seen when using X-rays [16]. These results show the importance of neutrons in
discovering subsurface stresses non-destructively.

5.3 Welds
Residual stresses are associated with most welds. This is because of the high

thermal gradients which are generated during the heating and cooling processes. These
lead to local plastic deformation which can introduce residual stresses of the order of the
yield stress of a material. The precise residual stress distribution produced depends on
the weld geometry and sequence of operations employed.

An example of a double vee butt weld in an aluminium alloy plate is shown in
Fig 11. The weld was made in several passes as indicated. Measurements of residual
stress along the centre line of the weld were determined by neutron diffraction and
afterwards by progressive layer removal using strain gauges [11]. The results for the
transverse stress distribution are indicated in Fig 12. Since no stress free weld metal
was available, and as measurements on stress free base material were regarded as
unreliable because of its different chemical composition, the stress free reference angle
0O for the neutron diffraction method was obtained by satisfying load equilibrium. This
produced a value of 29O = 105.92°. The influence of an error of 0.01 degrees is also
shown. This causes a change in stress of 15 MPa. It is evident that there is close
agreement between the neutron and 'layering' techniques. The welding process causes
an approximately symmetrical residual stress pattern with peak tension near the top and
bottom surfaces and maximum compression at the centre.

5.4 Laser surface treatment
Localised heat treatment by laser surface melting is able to produce a hard surface

layer and generate residual stresses. The stresses are introduced by a combination of
differential plastic deformation and volumetric changes associated with the
microstructural transformations occurring on quenching. A hard surface offers
improved resistance to corrosion and wear whilst residual stresses influence the fatigue
behaviour of the material. It is possible for either tensile or compressive residual
stresses to be introduced at the surface depending on the process route adopted. In
order to optimise the laser treatment process it is therefore advantageous to select a
process that introduces compressive near surface stresses as these will inhibit the
initiation of fatigue cracks.

Neutron diffraction residual stress measurements have been made on a 12%
chromium martensitic stainless steel after laser surface remelting to a depth of 0.23mm
[17]. A microstructural examination revealed 3 layers, a 0.23mm melted zone, a
0.23mm intermediate heat affected zone and the remainder base material. The specimen
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was mounted in Dl A at the ILL with a neutron wavelength of 0.19 nm. In order to
achieve high spatial resolution the beam dimensions at the specimen were reduced to a
matchstick shape measuring 0.33 x 0.33 x 25 mm. The (211) set of crystallographic
planes was used at a diffraction angle of 109°. Measurements were made in three
orthogonal directions and stresses calculated using Eq (12). As a consequence of the
microstructural variations across the specimen, the value of the unstressed d-spacing
(do) had to be obtained for each microstructural region. This was achieved by obtaining
the do value at the surface in the melted layer and also in the bulk material and assuming
a linear variation for intermediate material.

Results are shown in Fig 13 for in-plane (x-direction) residual stresses with
neutron diffraction measurements compared with X-rays. Similar results were obtained
in the other in-plane direction (y-direction). Calculations are also shown for a constant
value of do throughout the material. For the set of laser processing parameters used
compressive stresses are produced close to the surface although substantial tensile
stresses are generated subsurface. Theses measurements reveal the importance of using
appropriate values of the unstressesd lattice spacing in materials with varying
microstructures in neutron diffraction stress calculations.

5.5 Cold hole expansion
Discontinuities in engineering load bearing structures act as stress raisers. In

particular, bolt holes and rivet holes are the source of many engineering failures and it is
common for cracks to initiate at the bore of these holes during cyclic loading. Cold hole
expansion is established as a standard technique for improving the fatigue life of
engineering components as the compressive residual stresses produced at the bore
inhibit the initiation and growth of fatigue cracks. The process involves driving a
mandrel, in most cases with a split sleeve, through the bore to cause yield in tension
adjacent to the bore. Elastic recovery introduces compressive residual stresses in the
bore region. In order to predict the fatigue life enhancement due to cold hole
expansion, it is critical to know the residual stress distribution resulting from the
expansion process.

Residual stresses have been measured in a specimen containing a central circular
hole of 5 mm diameter after 4.8% expansion at the bore and subsequent fatigue loading
of 105,000 cycles from 0 - 400 MPa to determine the redistribution of residual stresses
due to the fatigue loading [18]. The material examined was a nickel base superalloy
Inconel718.

Experiments were made on D1A at the ILL using the (311) reflection at 28o =
123.255°. Measurements were made in the hoop, radial and axial directions using a
sampling volume of 2mm3. The sampling volume shape was chosen to optimise
measuring sensitivity. All measurements were made along the centre line of each
specimen to provide average values.

Figure 14 shows the results in the hoop direction only. This shows high
compressive stresses at the bore close to the monotonic yield stress of the material
following the expansion process. It is clear that the fatigue cycling has resulted in some
redistribution of the residual stress state. The main effect was to cause relaxation
adjacent to the bore to values close to the cyclic yield stress of the material.

Finite element calculations using the commercial code ABAQUS were also used to
predict the induced residual stress state and the redistributed stresses after fatigue
cycling. In calculating the redistributed stresses the cyclic stress-strain properties of the
material were used. Only results following the fatigue cycling are shown in Fig 14.
They model the process satisfactorily agreeing with the neutron diffraction
measurements.

6. Conclusions

The principles of the neutron diffraction method for measuring residual stresses
have been described. Use of a monochromatic beam of neutrons and time of flight
measurements have both been considered. In each case, it has been shown how
components of strain, which can be converted into stresses, can be determined directly
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from changes in the lattice spacings between crystals. The experimental procedures
and precautions needed for achieving reliable results have been discussed. Advice has
been given on choice of crystal planes on which to make measurements, shape and size
of sampling volume to be employed, type of detector to use, alignment procedure to
adopt and how to achieve a stress free reference.

A selection of practical examples involving shallow and steep stress gradients
through homogeneous and inhomogeneous materials have been considered to
demonstrate the applicability of the technique.
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