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ABSTRACT: This paper describes the neuron diffraction method for the measurement of
residual strains and stresses and illustrates the method with examples of measurements on
a mining chain link and a Single Lap Shear (SLS) Joint. It is shown that compressive
stresses in the chain surface contribute to the fatigue resistance of the link. Results for the
SLS joint cast doubt on current finite element models of joint stress distributions and
quantify the stress redistribution which occurs in the joint with ageing. The extension of
the method for the measurement of dislocation densities and dislocation cell sizes is
illustrated with an example of a plastically deformed copper sample.

1. Introduction
Residual stress distributions arise in many manufactured engineering components due to
inhomogeneous heat treatments such as welding or quenching or inhomogeneous plastic
deformation. The magnitude and type of stress (tensile or compressive) vary from point to point
within the material and large stress gradients may arise. In the absence of external forces the
overall stress balances to zero when integrated over the whole volume of the component. These
stresses can alter the components useful service life since they add to externally applied forces
and therefore alter the fatigue life of the material. It is now common practice to use finite
element methods in order to calculate the expected values of residual stresses in manufactured
components. It is highly desirable that such calculations be checked by direct experimental
measurements and diffraction methods provide the most reliable non destructive method of
carrying out these measurements.

Residual stresses are elastic forces and therefore alter the spacing of crystalline lattice planes
of the material. High resolution X-ray or neutron diffractometers can detect these small lattice
spacing changes and hence can in principle be used to measure the strain at specific points
within the material. In order to measure the strain two measurements of the lattice spacing are
required, a measurement of the spacing in the region of interest and a zero strain reference
measurement. The strain at the point of interest is the determined from the shift in the Bragg
reflection peak position AO using the equation £ = - O.5(cot 0) AO. The sensitivity of the
technique depends on the diffraction angle 20 and it may be tempting to choose the neutron
wavelength so as to maximise 0 but considerations of spatial resolution, as described below,
lead to a value of 20 - 9d0 being generally favoured. In order to be useful for stress analysis the
diffractometer must be capable of determining the peak positions with a relative accuracy of the
order of 5x I5. Instruments capable of this resolution are available at all major neutron
sources. The advantage of using neutrons rather than X-rays lies in the penetrating power of the
neutron. Using neutrons useful measurements can be made at depths several cm. in steel
samples while X-rays are effectively limited to, at most, tens of microns. The availability of
high intensity synchrotron X-ray sources such as the ESRF at Grenoble has increased the depth
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to which X-ray measurements can be made but, at a fraction of a mm, X-rays are still
essentially useful for surface and near surface measurements only.

A neutron diffraction measurement provides a value of strain in a particular direction at
specific points within a component. The direction is that of the scattering vector, see Figure 2.
In order to obtain the full stress tensor it is necessary both to make strain measurements in at
least 6 different directions at the point and also to use the appropriate elastic modulus to
convert strain to stress. Because of crystal anisotropy the elastic constant and Poisson's ratio
will vary with the lattice planes being used in the measurements. The Kroner model (1,2) is
now frequently used to determine the appropriate elastic modulus but texture in the material of
interest can lead to inaccuracies in the predicted modulus value. It is often best to make a direct
measurement of the modulus by loading a sample in a stress rig in-situ in the neutron beam and
making a plot of crystal plane strain as a function of applied stress. However, in a sample that
has undergone severe plastic deformation the accuracy of measurements of residual stress using
just one set of lattice planes can be open to question. This is because some crystal grains
will deform first due to their being in an 'easy' orientation for slip compared to neighbouring
grains and the resulting intergranular stresses complicate the situation and add to the
macroscopic residual stresses that are the items of interest. Figure I illustrates a neutron stress-
strain curve for a 99.9% pure polycrystalline copper sample where the Bragg planes are
measured in the loading direction. It can be seen that at the yield point (- 40 MPa) the curve for
the I I l and 200 planes deviates from linearity while that of the 3 I I plane remains essentially
linear. It is therefore desirable to make measurements using several different sets of lattice
planes though time constraints often make this difficult at reactor sources. However in many
metals there are one or more lattice planes that are relatively little effected by plastic
deformation and these are commonly used to give reliable measurements of lattice strain in
highly deformed samples examples are the 311 plane in copper and the 211 or 110 in iron.
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Figure 1: Applied stress- neutron measured Figure 2: Schematic of strain scanning system
strain in 99.9% Cu. A II 1, * 31 1, 0 200 after Hutchings (in reference 5)

The high intensity and high resolution required for neutron residual stress measurements
mean that they are almost invariably carried out at reactor or large spallation sources. Recently
there has been some effort in the UK by Oxford Instruments to develop a portable source for
use in strain measurements but work on this has now been suspended. From the point of view
of residual stress measurements the difference between reactor and spallation sources lies in the
fact that at a reactor source one neutron wavelength is chosen and measurements are carried out
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by scanning 0, whereas at a spallation source a white beam is used with the detectors fixed at a
fixed angle relative to the neutron beam. Different neutron wavelengths arrive at the detector at
times given by t = L/v = (Xm/h)L with m the neutron mass, h Planck's constant, v the neutron
velocity and L the distance from source to the detector. The strain is given by E = At/t. The
major advantage of a spallation source is therefore that many diffraction peaks can be
simultaneously collected. This allows the use of Rietveld methods to determine strain and
deviations from random orientation of crystal grains, which effects the calculated values of the
modulii, in the component to be detected.

2. Experimental arrangement
A typical arrangement for a neutron strain scanning system is schematically illustrated in

Figure 2. The size of the incoming neutron beam is limited by a set of slits so that a 'slice' of
the component under investigation is illuminated by the beam. A further slit, in the case of a
single detector, or radial collimator when a Position Sensitive Detector (PSD) is used, defines a
second slice through the component from which neutrons may reach the detector. The
intersection of these two slices defines the volume, the gauge volume, from which the
measurements are made. The measured diffraction angle is an average of the diffraction angles
from all the crystallites within the gauge volume which are oriented so as to diffract neutrons
towards the detector. In principle the smaller the gauge volume the more accurately can the
strain distribution in sample be defined but the resulting reduction in diffracted neutron beam
intensity due to the use of very small gauge volumes considerably worsens the signal to noise
ratio and lengthens the experimental time. At current reactor and spallation instruments the
minimum slit sizes which can be used to produce diffraction data on a reasonable timescale are
typically Imm x 1 mm. This leads to a minimum sampling volume of - 1 mm3 . Gauge
volumes of the order of 1 mm3 are generally accepted to be a reasonable compromise in
neutron diffraction work. The size and shape of the sampling volume will clearly depend on the
relative orientation of the incoming and diffracted neutron beams. The volume will be a
minimum when they are at 900 to each other and measurements are usually carried out with the
beams as close to 900 as possible in order to improve the spatial resolution of the strain
measurements. For reasons of efficiency in the collection of data the detectors used now at
virtually all strain scanning installations are PSDs. Most instruments are now equipped with a
stress rig which allows a sample to be loaded in tension or compression while it is in the
neutron beam. Facilities to carry out tests at elevated temperatures are also available.
Components are mounted on sample stages so that they can be moved in the x, y and z
directions relative to the fixed sampling volume. In this way the component can be moved in a
3D grid pattern and measurements made at positions throughout the component. Stages
currently available (e.g. at Dla at ILL or ENGIN at ISIS) have capabilities of carrying samples
of up to ~50kg weight and allow movements of - 40cm. However, new strain scanning
facilities are currently in the planning stage at both ISIS and the ILL which will increase both
the size and weight of the components that can be investigated.

3. Strain Measurement Applications
The neutron method is the most time consuming and expensive of all current methods of

residual stress measurement. Components must be taken to large research facilities and the size
of component that can be investigated is restricted. The next generation of facilities, the first of
which (ENGIN-X) is expected to come on stream at ISIS in 2002, will considerably reduce the
cost of measurements per data point to about the same as holedrilling or sectioning methods
and will also reduce the time required to obtain a comprehensive set of measurements. The
major advantage of the neutron method over all others is its combination of deep penetration
depths and the fact that it is non-destructive. In view of these points the neutron method has
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found most of its applications in components for the aerospace and transport industries. Welded
joints and cold expanded holes are frequently the source of fatigue cracks and much effort has
been put into the measurement of residual stresses around them (3,4). References 3 and 4 also
contain many other useful papers on the neutron strain measurement technique and the results
that can be achieved using it. Another area in which the neutron method has found wide
application is the measurement of stresses in the interior of metal matrix composites (5). These
are frequently SiC reinforced Al, or WC reinforced Ni. Since both components are crystalline
the neutron method enables the strain in both matrix and reinforcement to be measured and
predictions of thermal stresses and the variation of residual stresses with fibre ratio can be
investigated. In the following the results from two sets of measurements carried out by staff
from Loughborough are briefly presented.

3.1 High Tensile Steel Chain Link:
Chains manufactured from high tensile steel are used in many applications where it is vital

that their load carrying capacity is assured. The final stage of manufacture involves applying a
load which is sufficient to plastically deform the chain and imparts the final dimensions to each
link (6). The residual stresses produced in this process are believed to be beneficial to the
chains performance and the idea of the experiments was to measure the magnitude and
distribution of these stresses. The chain link was manufactured from 19 mm diameter steel
formed into a link 63.4 mm wide and 98.2 mm long. Figure 3 illustrates the definition of the x,
y and z directions and the orientation of the link in the neutron beam used to obtain strains in
these directions. Measurements were carried out on the Dl a diffractometer at ILL and the
sampling volume used was 2x2x2 mm. The 211 reflection was used with a neutron wavelength
of 0.191 nm giving a value of 20 close to 900.
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Figure 3: Orientations of chain link for neutron diffraction measurements

The results are illustrated in Figure 4 together with a finite element calculation of the z
direction stress. The finite element calculation was carried out using the ABAQUS code with a
simple linear elastic region followed by a linear work hardening model for the metal and a yield
stress of 89OMPa. It can be seen that reasonable agreement between the FE and neutron
measured values of residual stress is obtained. It is also clear that the surface of the chain link is
in compression in the z direction with relatively little residual stress in the x and y directions.
Since, when in use, the chain is loaded in tension in the z direction this residual stress pattern
will oppose the formation of surface cracks from the flaws that inevitably occur during use.
These results explain the origin of the improvement in chain performance obtained by the
traditional last stage in manufacture.
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Figure 4: Residual Stress measurements Figure 5: Origin and directions of the co-ordinate system
with a comparative FE calculation of a. for the SLS joint. All dimensions in mm.

3.2 Single Lap Shear (SLS) Joint:
Adhesive joints are now frequently replacing riveted joints in transport applications since

they provide a much more even load distribution across the join and avoid the dangers inherent
in riveted structures of cracks initiating at the rivet holes. These joints are commonly used to
join sheet metals and a great deal of work using both analytic and finite element techniques has
been carried out to predict the distributions of stresses and strains within and around the joint
(7,8). However, other than surface measurements, no measurements of the stresses in a loaded
metallic joint had been made. Experiments were carried out, again using the 211 Bragg
reflection on the Dla diffractometer at ILL to verify the FE calculations and to study the effect
of environmental ageing on the joint.

The joints were prepared using 50 mm x 16 mm x 3 mm CRI mild steel adherends which
were grit blasted and subsequently degreased and vacuum annealed prior to assembly. The
adhesive used was Araldite AVI 19 and the bondline thickness was controlled by the addition
of 1 % 250 micron "Ballotini" glass spheres. Figure 5 illustrates the appearance of the joint and
the co-ordinate system used in the stress measurements. Aged samples were prepared by
immersing a joint in deionised water at 60 °C for 10 days while simultaneously applying a load
of I kN. Measurements were carried out to determine stresses in the y direction with the joints
subjected to an axial load of 2.5 kN. A subsidiary experiment in which a piece of the steel used
to make the joints was loaded incrementally was carried out to determine the diffraction elastic
constant in the direction of interest for the Bragg plane used.
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Figure 6. Plot of the stress difference between Figure 7. Stress in the adherend as a function of
unaged and aged SLS joints for x = 0 (glue line) longitudinal position in an unloaded SLS joint.
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Figure 6 and 7 illustrate some of the major findings to emerge, the full results are presented in
reference 9. Figure 6 illustrates the difference in stress between an unaged and aged sample and
clearly shows a redistribution of load occurring with ageing. The load carried by the aged
sample is considerably decreased in the material along the upper surface of the glue line (x = 0,
z = 2, y = 2,4,6,8) and in consequence increased in the central region (x = 0, z = 8, y = 2,4,6).
This is likely to be due to plasticisation of the adhesive in the outer areas of the joint and a
consequent reduction in load carrying capacity and relaxation in the strain of the adjacent
metal. These results provide direct evidence for load redistribution during the ageing of joints.

Figure 7 presents the results for the curing stress close to the glueline in the joint and can be
compared with the modelling results presented by Adams (8). The results of these experiments
do not agree with the predictions of Adams et al., the stress close to the interface is not uniform
along the central region for either z = I or z = 4 and in fact tends to be tensile in the centre and
compressive at the edges. The data obtained has therefore cast doubt on the results of recent
finite element models and further work will be needed to resolve the discrepancies.

4. Microstructure
Plastic deformation introduces defects into the material and these give rise to microstrains

which result in a broadening of the diffraction peak. At higher plastic strains dislocations form
cell structures which effectively divide the material into small coherent scattering volumes,
these also cause peak broadening as described by Scherrer. Coherent size broadening is
independent of diffraction order but strain broadening is dependent on diffracting angle and
hence diffraction order. In principle it is therefore possible to distinguish between broadening
contributions due to size and strain. This is normally carried out by examining a complete
diffraction pattern and studying the comparative broadening of different diffraction peaks (10).
However this traditional method is impossible when only one diffraction order is available, as
is the usual case in reactor based neutron residual stress studies. Since the microstrain related
component is directly related to sample plastic deformation and the size broadening component
to the dislocation cell structure it is desirable to make use of information already gathered in
studies of internal strain to evaluate these parameters. Estimates of plastic strain are potentially
valuable to the engineer since the variations in plastic strain at points within a sample will be
mirrored in variations of yield stress. The single peak method of de Keijser et al (11) may be
used to separate size and strain effects and the results presented here illustrate how the data
from residual stress measurements may be used to study microstructure.

The samples used were polycrystalline cylindrical rods with diameters in the range 3 to 4
mm and gauge lengths in the range 20 to 30 mm. The copper and samples were manufactured
from 99.9% pure metal. the iron samples from 99.8% material and the nickel 99.98%. All
samples were annealed after manufacture to minimise residual strains. Measurements were
carried out on the TKSN-400 spectrometer at Rez. This system produces very narrow
instrumental line widths which make it particularly suitable for studying peak profiles. The
reflections studied were the copper and nickel 002 and 111, and the iron 110 peaks. At least
two samples of each metal were tested.

The single peak method of de Keijser et al. describes the measured peak profile as a
convolution of a standard profile (which incorporates the instrumental effects) with the sample
peak profile. The sample profile is itself regarded as a convolution of a Gaussian function
which is related to microstrain with a Cauchy function which is determined by coherent volume
sizes. The method is therefore to use a standard instrumental peak profile to deconvolute the
measured peak and produce the sample peak data. This data is then analysed to obtain the
Gaussian fig and Cauchy Pc peak breadth components. There is of course an assumption in the
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method that the Cauchy component is solely due to size effects and the Gaussian due to
microstrain. This assumption seems to be supported by theoretical and experimental evidence
and is discussed by Delhez et al. (12). In these experiments broadening was dominated by the
Gaussian component with evidence of the Cauchy contribution becoming apparent only by the
presence of the tails at high strains. Figure 8 shows plots of the Gaussian and Cauchy breadth
components of Cu peak profiles as a function of applied strain. The data is well fitted by a

simple power law of the form iOg = a + b F-c where a, b and c are material parameters. These

parameters vary not only from material to material but depend also on the annealing or other
sample history in a similar manner as do the parameters in the stress strain curve. The figure
contains data from the same Bragg peak from two samples. It is clear that the same fitting
parameters can be used to describe the data for both samples. From reference 11 the average
microstrain is given by <E> = 13g/4 TanO and the coherent scattering region size by

D = XIIc CosO where Pg and Pic are the Gaussian and Cauchy components of the integral

breadth.
Since the microstrain is a function of defect densities which may in turn be considered to be

a result of the relative amounts of plastic deformation, evaluation of microstrain does not in
itself provide information on the amount of plastic deformation experienced by various regions
within the material. However the width of the Gaussian component of the peak profile can
provide a simple empirical measure of the local plastic deformation if a calibration is carried
out in which peak profiles of samples with known plastic strains and made of the same material
as the test sample are also measured. This need not increase the total experimental time
required by more than a relatively small amount.
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Figure 8: Width parameters for 002 reflections from Figure 9: Derived dislocation cell size as a
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Derived values of D, the effective coherently diffracting region size, as a function of strain in
Cu are illustrated in Figure 9. The electron microscope based observations of Gracio et al (13)
on Cu indicate that these metals form closed dislocation cell structures at strains greater than a
few percent with cell dimensions of the same order as the derived coherent region sizes
reported in this work. The reduction in coherent region size with increasing strain observed in
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this work also follows their reported trend. The similarities are such that it may be concluded
that the coherent diffracting volume sizes derived from the diffraction data are measures of the
dislocation cell structures in the deformed metal

The data presented in Figures 8 and 9 is from the Cu 002 reflections. A limited amount of data
from one sample of Cu and Ni observing the 11 1 reflection was also gathered. The same trend
in reduction of cell size with strain was observed but for both the Cu and Ni samples no cell
structure was observed until the applied strain exceeded 0.2. In both cases the cell dimensions
measured using the 111 reflection were approximately a factor of 2 greater than those measured
using the 002 reflection. Dislocation densities can be derived from the microstrain using the
relationship p = k<F>2/Fb 2 where p is the dislocation density, b the Burgers vector, F a factor
describing interaction between dislocations (F =1 in this work), k a constant and <E> the
average microstrain. It is generally accepted that dislocation densities scale with plastic strain
with a relationship of the form p = A + B ep where A and B are material constants and Fp is the

plastic strain. If the dislocation density estimates derived from the single peak analysis are
accurate it would be expected that the experimental stress strain data and the dislocation density
strain data estimates should fall on the same (suitably scaled) curve. Good agreement was
found between these two sets of data. A fuller description of the results of these experiments is
presented in reference 14. The results of this work indicate that much more use could be made
of the data that is routinely gathered to determine residual stress in engineering components.
Generally it is only analysed to determine macrostrains from shifts in the diffraction peak
position and other than an estimate of microstrain no use is made of the information contained
in the peak profile.
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