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Abstract

It is known that the physical properties of many engineering materials may
be strongly affected by previous loading, in particular prior plastic deforma-
tion. Most obviously, work hardening will alter subsequent yielding behaviour.
Plastic deformation may also preferentially align the material microstructure,
resulting in anisotropy of subsequent behaviour and a change in material frac-
ture resistance.

When physical characterisation is undertaken by experimental testing it is,
therefore, important to have some knowledge of the current state of the material.
As a result, it is desirable to have methods of quantitatively evaluating the level
of plastic deformation which specimen material may have experienced prior to
testing.

This paper presents the results of a feasibility study, using a ferritic reac-
tor pressure vessel steel, into the use of diffractive methods for plastic strain
evaluation. Using neutron diffraction, changes in diffraction peak width and
anisotropy of peak response were correlated with plastic deformation in a ten-
sile test. The relationships produced were then used to evaluate permanent
deformation levels in large samples, representative of standard fracture tough-
ness test specimens.

1 Introduction

Failure of engineering components, such that they are no longer able to fulfil their
designed function, is generally deemed to occur by one of two criteria. The first of
these is excessive deformation, due to overload and resulting yielding. The second
broad class of failure is fracture; propagation of a crack through a component such
that the stiffness is degraded or the component is split into two or more pieces.
Yielding behaviour in the majority of engineering materials is well characterised,
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such that failure by excessive deformation can be relatively accurately predicted.
Prediction of fracture behaviour is considerably less reliable, due largely to the fact
that the macroscopic phenomenon of crack propagation and fracture may be caused
by a number of competing micro-mechanical processes.

Ductile fracture results from growth and coalescence of voids within a mate-
rial. Initially, the increasing void volume fraction is balanced by strain hardening
behaviour increasing local yield stress. However, there comes a point where the re-
duction in load bearing area can no longer be maintained and failure occurs. In the
case of brittle fracture micro-cracks, often nucleated at material inclusions or defects,
are propagated by high levels of local matrix stress along preferred crystallographic
planes [1] or along grain boundaries.

Both mechanisms are deemed to be controlled by local stresses, in general maxi-
mum principal stress for cleavage and inter-granular fracture [2, 3] and local hydro-
static stress for ductile fracture [4]. The effect of residual stress fields, due to prior
loading or manufacturing processes, on fracture behaviour is well documented [5, 6]
and the measurement of residual stress in components by diffraction, e.g. [7], and
strain relaxation methods [8, 9] is well established.

There is an increasing body of evidence [10, 11], however, highlighting the effect
of plastic strain history on ensuing fracture behaviour. The level of plastic strain is
often assumed to control nucleation of micro-cracks in brittle fracture [12] and the
degree of void growth in ductile failure [13]. As such, in order to accurately predict
fracture behaviour, it is important to have accurate knowledge of the plastic strain
history as well as the stress levels in the component.

Methods of stress measurement by material removal and measurement of resul-
tant strain relaxation are inherently based on assumptions of elastic stress-strain
behaviour and therefore offer no insight into determination of plastic strain levels.
Therefore, it is necessary to use methods based on phenomena at the scale of the
material grain structure and atomic lattice, such as those based on diffraction.

Plastic strain history has previously been investigated using a number of methods
including x-ray diffraction [14] and electron back scatter diffraction [15] but from an
engineering perspective, neutron diffraction is the most attractive prospect as it has
superior penetration in many common structural alloys.

This paper presents the results of a study into the measurement of plastic strain
in a ferritic steel using neutron diffraction and its potential use in improvement of
predictions of structural integrity.

2



2 Diffraction based strain measurement

The measurement of elastic stress and strain by diffraction methods makes use of
Bragg’s law which states that diffraction through materials occurs preferentially
at certain crystallographic planes, determined by the inter-planar spacing and the
wavelength of the incident beam. Neutrons are commonly used for diffraction mea-
surements in engineering materials as they have a typical penetration depth of the
order of 50mm in steel, allowing measurements to be made in the interior of speci-
mens.

Bragg’s law is generally written as

2dhkl sin θ = nλ, (1)

where θ is the diffraction angle, λ the wavelength of the diffracted beam and dhkl

is the spacing between the planes of Miller index [hkl]. Strain is determined from
the change in spacing of miller index planes, dhkl, between the loaded state and a
reference stress free state.

ε =
dhkl − d0

d0
= (θ − θ0) cot θ. (2)

Further details of strain measurement by neutron diffraction can found in a number
of published works, e.g. [16, 17], and so will not be entered into here.

2.1 Anistotropy strain

The anisotropy strain method for plastic strain determination is based on measuring
the deviation of diffraction peaks from specific crystal planes from their theoretical
positions. In a cubic lattice the spacing of a given plane, dhkl, is a function of the
unit cell size a

dhkl =
a√

h2 + k2 + l2
. (3)

Knowing the material lattice parameter a, equations 1 and 3 can be used to predict
the locations of the diffraction peaks for each hkl plane.

However, it has been noted, for example by Ezelio [18] when measuring a Nickel
super-alloy and Rogge in stainless steel [19], that the strains measured from differing
diffraction peaks began to diverge with increasing deformation. This anisotropy
in peak response was further investigated by Daymond and co-workers [20] who
modified the standard Rietveld refinement method [21] for diffraction spectra such
that the lattice parameter tracks a single peak of Miller index {h00}. The strain
from any other peak, εhkl, is then assumed to deviate according to
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εhkl = εh00 −
γAhkl

C
= εh00 − εAAhkl, (4)

where γ is a fitted anisotropy parameter, C is an instrument constant and Ahkl is a
measure of the stiffness of individual lattice orientations given by

Ahkl =
h2k2 + k2l2 + h2l2

(h2 + k2 + l2)2
. (5)

This allows definition of an ‘anisotropy strain’ εA, where εA = γ/C. It was
suggested in [20] that γ and therefore εA could be partitioned into components due
to elastic and plastic strain anisotropy and the measured plastic anisotropy strain εpl

A

was found to correlate well with predicted variations in plastic strain. This finding
was confirmed by Korsunsky et. al. [22] who used the anisotropy strain method to
accurately measure plastic deformation levels in 2024 aluminium.

It is worth noting that the description presented in equation 4 is a simplification
of a much more complete description of the complex stress fields introduced by
anisotropy of grain alignment. It was observed by Wang et. al. [23] that the
more complex spherical harmonics approach was able to reproduce the results of
diffraction measurements on a textured austenitic steel. However, the application of
the approach of [23] is far from trivial and therefore a more simplistic engineering
approximation is employed here.

2.2 Diffraction peak broadening

In a perfectly ordered atomic lattice, under uniform strain, one would expect very
sharp diffraction peaks approximating a delta function. In reality, due to inho-
mogenities inside a typical measurement volume and individual diffraction instru-
ment characteristics, experimental peaks are usually Gaussian in form.

Due to variations in lattice stiffness with orientation, load is not carried evenly
across neighbouring material grains. After plastic deformation, this results in the
build up of intra-granular residual stresses, meaning two neighbouring grains in the
same macroscopic strain field will be experiencing differing levels of local strain.
As a result, the diffraction behaviour of each grain will differ slightly, resulting in a
broadening of the measured diffraction peak which generally samples multiple mate-
rial grains. The presence of dislocations may also result in peak broadening, even for
measurements based on a single grain, as local regions of tension and compression
are created in the surrounding lattice [24]. In fact, data due to Wang and co-workers
[25] and Huang et. al. [26] indicates that the majority of the peak broadening effect,
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as well as change in peak shape, is due to intra-grannular strains resulting from an
increasing dislocation density.

Increasing diffraction peak width was suggested as a method for plastic strain
measurement on a welded aluminium bar by Smith [27], although in such cases
it is difficult to separate the broadening effects of plastic deformation from those
due to local material variations due to the welding process. The peak broadening
approach was later used [28] to qualitatively estimate equivalent plastic strain levels
in the aluminium sample of [27] as well as in a cracked ferritic steel beam. It was
suggested, based on a fit to experimental data, that the relationship between the
change in diffraction peak width at half height, δθw, and the prior plastic strain εp

was given by

δθw = 0.162 [1 − exp (−0.3 |εp|)] . (6)

It was also noted that the peak broadening was insensitive to the diffraction
vector direction, suggesting it is a suitable measure of equivalent plastic strain εe

p,
rather than an approach for determining plastic strain levels in specific directions.

3 Experimental measurements

3.1 Test specimens

In order to investigate the effectiveness of the two discussed methods of plastic strain
measurement it was necessary to manufacture suitable test specimens containing
well defined plastic strain fields. Tensile test specimens were chosen as calibration
specimens for the two techniques. In addition, a number of pre-strained ‘blanks’ for
compact tension (C(T)) type fracture specimens were fabricated in order to compare
with the data obtained from the tensile test samples. All samples were manufactured
from A533B ferritic steel. This material was chosen as it is part of an ongoing study
into the effects of plastic strain on fracture and it is typical of the type of steel
commonly used in the power generation industry.

A number of tensile tests were undertaken, according to the ASTM E8 standard,
and consistent stress-strain behaviour was recorded in all tests. The tensile test
specimens were cylindrical, with diameter 8mm and gauge length 80mm. To pre-
strain the C(T) blanks, such that a uniform strain field was created with minimal
residual stress, a number of large tensile-type specimens were manufactured. These
were preloaded to the desired level of uni-axial plastic strain (1%, 3% and 5%),
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determined according to clip gauges fixed to the centre of the specimens, before
being cut into sections as illustrated in figure 1.

The specimens used were designed to provide the simplest possible, uni-axial
plastic strain field in order to minimise the number of complicating factors when
comparing the effectiveness of the two techniques.

3.2 Neutron diffraction measurements

Neutron diffraction measurements were made using the ENGIN-X instrument on
the ISIS neutron source at Rutherford Appleton laboratories, U.K. In order to max-
imise the quality of the diffraction spectra in the thicker pre-strained blanks, while
retaining reasonable count times, a gauge volume of 4 × 4 × 4mm3 was used for all
measurements. A time of flight (TOF) instrument such as ENGIN-X, allowing col-
lection of data from multiple diffraction peaks, was necessary in order to determine
the anisotropy strain parameter εA.

An ‘in-situ’ tensile test was undertaken on the ENGIN-X instrument in order to
record neutron diffraction spectra under varying applied loads. Measurements were
taken at increasing levels of plastic strain, with and without applied load in order
to separate the elastic and plastic components of peak broadening and anisotropy
strain. The results of the in-situ tensile test, along with the data points where
diffraction spectra were recorded, are presented in figure 2.

4 Results

The stress-strain response from the tensile test was examined based on the strains
recorded from a number of single diffraction peaks in addition to that obtained
from Pawley refinement of the entire diffraction spectra. The results are displayed,
in comparison to the predicted response based on macroscopic Young’s modulus
(determined via a strain gauge fixed to the specimen), in figure 3. It can be seen
that there exists a significant anisotropy in the response of differing peaks, even
in the elastic region. The [200] peak displays strains greater than those predicted
from the macroscopic behaviour, as would be expected as it has the lowest stiffness
according to equation 5. The strains from each peak then reduce with increasing
Ahkl with the stiffest response exhibited by the [222] peak with a limiting value of
Ahkl = 1/3.

It can be seen that the Pawley refinement overestimates the macroscopic stiffness
which is best represented by the [310] peak response. This is in keeping with the

6



findings of [20] where the [311] peak was found to provide the best agreement with
the macroscopic response in an austenitic steel.

4.1 Anisotropy method results

On examination of the diffraction spectra obtained from both the tensile test (TT)
and pre-strained blank (CT) specimens it was decided to limit the data range used
to determine anisotropy strains to the three best defined diffraction peaks. In this
case these corresponded to the [110], [200] and [211] lattice planes as displayed in
figure 4.

The anisotropy strain, εA, as defined in equation 4 was partitioned into elastic
and plastic components, following [20], with the elastic component assumed to vary
linearly with the elastic strain in the direction of measurement. This was supported
by the data from the TT specimen, displayed in figure 5. Measurements longitu-
dinal and transverse to the loading direction, where elastic strains were tensile and
compressive respectively, exhibited εA values of opposite sign.

The variation of the anisotropy strain under elastic load, εel
A, with the [200]

peak strain was found to be well approximated by a linear relationship, as shown
in figure 5. The [200] peak strain was selected as it represented the reference peak,
corresponding to Ahkl = 0, used in determination of εA.

Measurements taken at each unloaded step in the tensile test showed increasing
build up of residual elastic strain with increasing plastic deformation, as highlighted
in figure 6. It is apparent that in both measured directions the highest magnitude
residual strains are present on the [200] peak, with the [310] peak showing the lowest
overall level of residual strain in both directions. This again suggest that results
based on the [310] plane may be most appropriate for comparison with macroscopic
strain predictions such as those from finite element analyses. In both directions the
Pawley refinement strain provides a lower bound to the single peak values.

The plastic component of the anisotropy strain, εpl
A , was obtained by subtracting

the elastic component, as determined by the linear fit to the [200] peak strain, from
the total anisotropy strain. The variation in εpl

A with macroscopic plastic strain,
shown in figure 7, shows clear separation between the values obtained in the loaded
and unloaded states, suggesting that the plastic anisotropy is not so simply decou-
pled. It is also apparent, from a comparison between figures 5 and 7 that the ‘elastic’
component is of much greater magnitude than the plastic component, making accu-
rate determination of εpl

A more difficult. Nonetheless, there is a clear increasing trend
between εpl

A and the level of plastic strain, independent of measurement direction,
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suggesting that plastic anisotropy may be a reasonable measure of the overall level
of plastic deformation.

The results from the pre-strained blanks are plotted in figure 8. As with the
tensile test data, the [200] peak strain was used to estimate and remove the ‘elastic’
component of the anisotropy strain. The results show a similar trend to those made
on the TT specimen, although there is a noticeable separation between the values of
εpl
A measured in the directions longitudinal and transverse to the pre-strain direction

and considerable scatter in the measured value of εpl
A for differing points having

experienced the same level of macroscopic plastic strain.
In addition, it is apparent that the magnitude of εpl

A in these specimens is consid-
erably higher than that measured in the TT specimen. This may suggest a geometric
component affecting the anisotropy factor, for example measurement path length,
or a more complex three dimensional stress-strain state at a granular scale which
must be accounted for.

4.2 Peak broadening method results

Traditionally, peak broadening is quantified using the measured peak full width half
maximum (FWHM) as this can be easily defined, regardless of the details of the
shape of the peak. The peaks recorded in this paper were fitted using a combination
of Gaussian, Lorentzian and exponential components to account for peak asymme-
try due to the experimental apparatus. The width of a single peak fit is affected
only by the Gaussian component, the width of which is in turn a function of the
Gaussian parameter σ. As σ is a linear function of the Gaussian peak width and is
obtainable directly from the fitting process, it was chosen as an appropriate peak
width parameter for this work.

Variation of peak σ, recorded during the tensile test, showed a clear link between
the onset of yielding and a dramatic increase in peak width, shown in figure 9. There
also appeared to be some weak dependency on elastic strain levels. There was no
clear trend in the case of the [310], [222] or [110] peaks, but for the [200] and [211]
there appeared to be a linear dependence between the change in peak width, ∆σ,
and the level of strain in the elastic region. It was found that a linear fit between
the absolute elastic strain in the direction of measurement and the change in σ was
able to well represent the measured data in the elastic region. Fit was best for the
[200] and [211] peaks and, as such, σ values from these two peaks were chosen as
representative measures of plastic deformation.

Assuming a linear correlation between the level of elastic strain allowed for a
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separation of the elastic and plastic contributions to the peak broadening. Values
with and without correction for elastic strain are plotted in figures 10 and 11. It
can be seen that removal of the elastic component brings the loaded and unloaded
measurements considerably closer together. Following the work of [28], an exponen-
tial fit was used to estimate the variation of ∆σ with plastic strain. The best fit
equations are included in figures 10 and 11.

Results from the pre-strained blanks showed similar variation between ∆σ and
the level of equivalent plastic strain, indicated in figures 12 and 13. The overall
magnitudes of the peak breadth increase are significantly larger in the ‘blank’ speci-
mens than that suggested by the fit to the tensile test data. There is also significant
scatter between measurements made in samples with the same level of macroscopic
plastic strain.

5 Discussion

From the results obtained it is apparent that both plastic anisotropy strain and
diffraction peak broadening are strongly related to levels of macroscopic deforma-
tion. It would also appear that there are other influencing factors affecting their
variation with the value of macroscopic plastic strain which inhibit accurate calibra-
tion and transference of relationships between these parameters from one specimen
to another.

Variation of the anisotropy strain was found to be dominated by the elastic
strains in the measurement volume, in contrast to the results presented in [20]
where the values of εpl

A were of similar magnitude to those obtained for εel
A. Due

to the dominance of the elastic anisotropy in this paper, accurate separation of the
relatively small plastic component was difficult.

It is also noticeable that, using a simple linear relationship between elastic strain
on the [200] peak and εel

A, there is a consistent difference between the values of εpl
A

measured with and without external loading (figure 7). This represents a signifi-
cant problem in terms of using εpl

A as a tool to measure plastic deformation, as the
dependence on elastic lattice strain is still apparent.

The results of this paper differ from those in [22] and [20], where εpl
A was seen

to vary in a near-linear fashion with plastic strain and was shown to be transferable
between geometries. It may be speculated that this difference in response may be
due to either the differing crystal structure of the tested materials, as both previous
works used FCC materials (austenitic steel and aluminium) in contrast to the BCC
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ferritic steel used in the current work, or may be simply due to the difference in
anisotropy of plastic and elastic deformation

It can be shown that FCC structure possesses close packed slip planes of Miller
index [111]. In the case of a BCC structure there are no close packed planes, resulting
in a greater inter-atomic spacing in the slip plane, generally corresponding to [110].
The result is that the Burger’s vector |b| for a BCC structure is greater than for
the FCC case, equal to

√
3a/2 compared to a/

√
2. This may result in deformation

occurring in BCC materials on a smaller number of preferentially aligned slip planes,
compared to the FCC case where lower slip energy allows deformation to be more
evenly spread across a greater number of planes.

In this case εA is essentially a measure of disorder in the lattice structure (i.e.
deviation from the idealised lattice structure) and likely to be related to dislocation
density. Therefore, it may well be that deformation in FCC materials is more easily
characterised by this method as dislocation movement is more evenly spread over
many slip planes.

Nonetheless this does not explain the considerable increase in εpl
A measured in

the extracted blanks compared with the tensile test data. It may be that the de-
formation at a granular scale in the thicker samples is more disordered that that in
the tensile test samples, possibly due to higher constraint levels generating higher
stresses transverse to the load direction.

The increase in peak broadening shows only negligible dependence on elastic
strain, often within the margin of experimental error which was of the order of
σ±100. Despite showing good independence from both elastic strain and measure-
ment direction, the calibrated ∆σ - εpl relationship still underestimated the measured
response from the thicker ‘blank’ samples. This may be a result of the increasing dis-
orientation in the thicker samples or simply the increased measurement path length
reducing the accuracy of the measurements. The agreement is, however, significantly
better than for the anisotropy method and the tensile test fit provides a reasonable
lower bound to the recorded changes in σ in the CT samples. It may be that repeat
measurements on a fixed wavelength diffraction instrument, providing more detailed
measurements of the shape of a single diffraction peak, may yield better results with
this approach than time of flight instruments such as ENGIN-X.

It is also worth noting that plastic strain, in an engineering sense, has question-
able relevance at the small scales of interest for diffraction measurements. The two
methods used here are based on measurement of increasing inhomogenity of strain
experienced by neighbouring grains within the measurement volume. It may well be
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that this cannot be simplistically related to the levels of macroscopic deformation
without a more rigorous consideration of the deformation at a micro-mechanical
scale.

An example may be the existence of Luder’s strains which would produce con-
siderable variation in local stresses and strains across local deformation bands. The
A533B steel tested has been known to exhibit discontinuous yielding in previous
works, e.g. [29], up to around 1% plastic strain. It is notable that the sharpest
rise in both εpl

A and ∆σ occurred between 0% and 1% plastic strain in the pre-
strained blanks so it may be possible that the presence of regions of discontinuous
deformation may have contributed to the increase in the scatter and value of both
parameters.

It is also important to consider the role of dislocation movement and nucleation
during plastic deformation, which may be influenced by a number of microstructural
considerations for example grain size, current dislocation population and the local
presence of dislocation nucleators such as impurity atoms in the lattice.

6 Conclusions

An investigation was conducted into the ability of diffraction peak broadening and
anisotropy of strain determined from differing diffraction peaks to characterise plas-
tic deformation. Variation of parameters with strain in A533B ferritic steel were
calibrated from tensile test specimens. The determined relationships between the
anisotropy strain εpl

A and change in peak width ∆σ with plastic strain were then
used to attempt to measure plastic strain in prestrained blanks for C(T) fracture
specimens. The results of the research presented in this paper have produced the
following conclusions:

1. The [310] diffraction peak exhibited a minimal effect of elastic or plastic
anisotropy in the ferritic steel tested and also provided the closest approxi-
mation to the macroscopic stress-strain response. As such it would appear
that the [310] peak is an appropriate choice for the determination of macro-
scopic stresses in such materials.

2. Both the plastic anisotropy strain εpl
A and the peak width broadening parameter

∆σ were found to be correlated with levels of macroscopic strain, although
the qualitative variation was found to vary considerably between the sample
geometries used in this work.
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3. The anisotropy strain due to elastic deformation was found to dominate the
overall strain anisotropy response. This is in contrast to previous work on
FCC materials (austenitic steels and aluminium) where the elastic and plastic
components were of similar magnitude.

4. Plastic strain levels were found to be well correlated with levels of peak broad-
ening, although considerably larger increases in peak width were noted in
thicker specimens. It is likely that use of a fixed wavelength instrument to
measure a single diffraction peak may reduce the overall scatter in measure-
ments by producing more accurate data on the form of individual peaks.

5. It was noted that many of the problems encountered in this work were not
noted in other published works. It is believed that this may be due to the
BCC atomic structure of the ferritic steel used in this case, compared to the
FCC aluminium and austenitic steels used in other works.
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Figure 1: Large tensile specimens, used to generate uniform plastic strain in ex-
tracted ‘blanks’. Dimensions in mm
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Figure 2: Material stress-strain response from in-situ tensile testing showing points
where calibration diffraction measurements were undertaken
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Figure 3: Strain measurements from in-situ tensile test based on full Pawley refine-
ment of the full diffraction spectra and analysis of individual peaks
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Figure 4: Diffraction spectra recorded from A) Tensile test specimens and B) ex-
tracted prestrained blanks
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Figure 5: Evolution of the anisotropy strain, εA, measured in the tensile test speci-
men in directions longitudinal and transverse to the loading axis
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Figure 6: Residual strains, based on single diffraction peaks and Pawley refinement,
measured in the tensile test specimen upon unloading to 10MPa. Filled symbols
denote longitudinal strains, open symbols correspond to transverse strains
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Figure 7: Plastic anisotropy strain, εpl
A , measured in the tensile test specimen in

loaded and unloaded states, in directions longitudinal and transverse to the loading
axis
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Figure 8: Plastic anisotropy strain, εpl
A , measured in the extracted C(T) blanks, in

directions longitudinal and transverse to the loading axis
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Figure 9: Variation in peak σ component as a function of peak strain, as recorded
during the in-situ tensile test
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Figure 10: Variation in [200] peak σ component as a function of macroscopic plastic
strain, as recorded during the in-situ tensile test. Open and closed symbols represent
the loaded and unloaded states for each plastic strain level
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Figure 11: Variation in [211] peak σ component as a function of macroscopic plastic
strain, as recorded during the in-situ tensile test. Open and closed symbols represent
the loaded and unloaded states for each plastic strain level
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Figure 12: Variation in [200] peak σ component as a function of macroscopic plas-
tic strain, as recorded in extracted prestrained blanks, compared with analytical
broadening function as fitted to tensile test data
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Figure 13: Variation in [211] peak σ component as a function of macroscopic plas-
tic strain, as recorded in extracted prestrained blanks, compared with analytical
broadening function as fitted to tensile test data
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