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Abstract

The contour method is one of the promising techniques for the measurement of residual
stresses in engineering components. In this method, the cut surfaces deform, owing to the
relaxation of residual stresses. The deformations of the two cut surfaces are then measured
and used to back calculate the 2-dimensional map of original residual stresses normal to the
plane of the cut. Thus, it involves four main steps; specimen cutting, surface contour
measurement, data analysis and finite element simulation. These steps should perform in a
manner that they do not change the underlying features of surface deformation especially
where the residual stress distribution varies over short distances. Therefore, to carefully
implement these steps, it is important to select appropriate parameters such as surface
deformation measurement spacing, data smoothing parameters (‘knot spacing’ for example
cubic spline smoothing) and finite element mesh size. This research covers an investigation of
these important parameters. A simple approach for choosing initial parameters is developed
based on an idealised cosine displacement function (giving a self-equilibrated one-dimensional
residual stress profile). In this research, guidelines are proposed to help the measurer to select
the most suitable choice of these parameters based on the estimated wavelength of the
residual stress field.

Keyword Contour method, deformation measurement spacing, knot spacing, mesh size,
residual stresses.

1. Introduction

The contour method has emerged as a promising technique for the measurement of residual
stresses in engineering components. This method was invented in 2000 by Mike Prime [1]. It
is based on cutting the test component of interest in two halves. The cut surfaces deform,
owing to the relaxation of residual stresses. The deformations of the two cut surfaces are then
measured, and used to back calculate the 2-dimensional map of original residual stresses
normal to the plane of the cut [2]. The contour method is capable of measuring through-
thickness residual stresses. The contour method is relatively simple, inexpensive, and utilizes
readily available equipment in workshops [3]. It has been successfully validated by commonly
used residual stress measurement techniques, such as neutron diffraction [4], slitting [5], [6],
synchrotron x-ray diffraction [7], [8] and sectioning [9]. The method is useful to obtain detailed
information of residual stresses introduced by various manufacturing processes such as
welding [3], [10]-[12], hammer peening [13], laser peening [14]-[16], cold expanded hole [17]
and aluminium alloy forging [18]. Nevertheless, like the other residual stress measuring
techniques, the contour method also suffers from factors that impact on the accuracy and the
spatial resolution of the method, and cause uncertainties in the measured stresses. The
reliability and accuracy of the contour method measurement results can be improved by
minimising errors and uncertainties that can be introduced during data collection and data
analysis procedures. The steps in undertaking the contour method of residual stress
measurement are: specimen cutting, surface contour measurement, data analysis and
Residual stress back calculation (FE modelling).
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Specimen cutting

Specimen cutting is the most crucial step of the contour method. Wire Electric Discharge
Machining (WEDM) has previously been identified as the best choice for the cutting step of the
contour method [2], [19], [20]. WEDM cutting is based on a thermo-electric process, and it is
performed by generating a series of electrical sparks between the EDM wire (electrode), and
the component [21]-[23]. It can be applied to all electrically conductive materials, irrespective
of their hardness, material strength, shape and toughness. Also, WEDM is a non-contact
machining process; there is no direct contact between the electrode and the work piece during
cutting. Throughout the cutting process, the component is submerged in a temperature
controlled deionized water tank, in order to minimise thermal effects from the cutting process.

Surface contour measurement

After wire EDM cutting, the contours of the created cut surfaces are measured. Measuring the
deviation from planarity of the cut surface, with appropriate surface deformation measurement
spacing is important when using the contour method to get residual stress measurement
results with high accuracy. A coordinate measuring machine (CMM) has the capability to
register three spatial coordinates (displacements) for any point on a cut surface. CMMs can
measure the cut surfaces using contact and non-contact devices, which include touch trigger
probes, continuous scanning probes and optical system. The most common techniques for
measuring the surface contours are reported in detail in [19]. A CMM, with a fitted touch probe
[24]-[26], is the most commonly used instrument for taking surface contour measurements [1].
They are widely available in many engineering workshops. The measurement of surface
displacement is used to quantify the residual stress values. Before conducting the CMM
measurements, the cut surface must be clean and dry, and free of any dirt, dust and oil. Any
dirt particles on the sample surface can affect the measurement data and can cause error in
the contour method stress results. Since the touch probe sampling rate is about one
measurement point per second the measurement process can take several hours. Therefore,
temperature stability is important, so the contour cut surface is measured in a temperature
controlled room and should be isolated from thermal fluctuation [2], [27]. Also, the touch probe
makes contact with the measuring surface, and some local deformation occurs due to the low
but finite contact force. These limitations can be overcome by using an entirely non-contact
method such as laser sensors [28]. Due to faster acquisition of measurement points using laser
sensors, they are more suitable for measurement of large engineering components. As such
the thermal fluctuation, if there is any, is less of an issue. They have a capability to measure
the cut surface with better resolution and high accuracy. However, laser sensors cannot exactly
capture the outline of the cut surface perimeter because the outline of the cut surface needs to
measure in the transverse direction to the cut surface measurements and it is difficult to do
with the laser scanners.

Data analysis

The next step is to process the cut surface deformation data. To process the contour data, for
the calculation of residual stresses using the contour method, several data analysis steps are
involved. These steps include [19], [28]; aligning the contour data of the opposing cut surfaces,
Interpolating the two data sets into a common grid, extrapolating to the perimeter, averaging
the two sets of data points, smoothing the cleaned and averaged data, the following sections
describe these steps in more detail.

Aligning the data sets

The two cut surface deformation data sets are measured in two different coordinate systems.
These data sets must be aligned on the same coordinate system, so that all the points in both
data sets are coincident with each other, in the same manner as the material points were in
the single component prior to the cutting. The mating cut surfaces appear as mirror images of
each other. In this situation, one of the x-z coordinate directions needs translation and rotation,



so that both cut surfaces exactly overlay each other and the corresponding data points on each
mating surface can be aligned. This data set alignment is facilitated by measuring the perimeter
of both cut parts. Note that deformation measurement points are y coordinates and the points
on the surface are on x-z plane.

Interpolating in a common grid

For several reasons, the data points of both cut surfaces cannot always be overlaid exactly on
top of each other. Reasons include; alignment of the cut surfaces and the defined local
coordinates. So, in this case, it is necessary to linearly interpolate the data sets of each cut
surface onto a common grid, with the same approximate density, as the original measured data
points [19], [28].

Extrapolating to the perimeter

The surface contour measurement method (CMMs and laser sensors) cannot exactly capture
the displacement approaching the outline of the cut surface perimeter. Therefore, extrapolation
is required to replace any missing data points, usually situated around the perimeter of the cut
surface. This extrapolation is necessary because displacements must be applied to all the
nodes on the cut surface in the FE model [19], [28]. Often reconstructed near surface residual
stresses are unreliable and may not be reported.

Averaging of the two data sets

Once the measured surface data sets are aligned and on the same grid, they should be
averaged point by point on the x-z grid to provide a single set of deformation data. This step is
one of the most significant steps in the data processing because it can eliminate several
potential sources of error, such as the effects of shear stresses and asymmetric cutting
artefacts resulting from the cutting process [2], [19], [20].

Data smoothing

The averaged and cleaned displacement data set must be smoothed before using as boundary
conditions in an FE model for elastic stress analysis. Data smoothing is required, because any
variations within the contour cut surface data, resulting from the roughness on the WEDM cut
surface, a cutting fault such as WEDM wire breakage, or an error in the surface contour
measurement process, such as the CMM probe slipping at the edges of the cut surface, can
be amplified in the stress results. If the overall form of the surface is to be preserved, it is
essential to eliminate these irregularities. They can cause significant errors in the calculated
stress values because for the contour method, stress calculation is dependent on surface
displacement profiles [2], [19], [28].

Surface data can be smoothed using different methods. Examples include bivariate spline
smoothing, Fourier series and polynomial smoothing. The Fourier series method cannot always
capture all the important features of the cut surfaces [28]. The most commonly used smoothing
technique when using the contour method is bivariate spline fitting, or two dimensional (2D)
cubic splines [28]. This technique, commonly used in previous contour measurement studies
has led to the publication of very reliable results [29]-[31]. When using 2D cubic splines,
piecewise polynomials are joined at given locations called ‘knots’ which define the domain of
each polynomial. The smoothing process is achieved by minimising the uncertainty in the
calculated stress results, or error in the data point and the fit. The amount of smoothing and
the density of knot spacing can affect the resulting stresses. For too small a knot spacing, the
roughness of the cut surface can be incorporated into the final smooth surface contour data,
and for too large a knot spacing, the final smooth surface contour data would not capture all
underlying surface deformation features. In both cases, the uncertainty in the calculated
stresses would be increased. Hence, determining the optimum knot spacing, in order to obtain
the best fit of the measured data, is essential to minimise uncertainty in the stress results.



Different approaches can be applied to determine the optimum smoothing parameter or ‘knot
spacing’. Commonly, it can be achieved by fitting the measured displacement data to cubic
splines with a variety of knot spacings. The suitability of the knot spacing is evaluated by
comparing the spline fits to the raw data (averaged from both cut surfaces) [12], [31], [32].
Another approach to determine the optimum knot spacing, involves incrementally increasing
the knot spacing, fitting the data for each knot spacing and then performing a finite element
analysis for each increment to determine the stresses. The uncertainty in the calculated
stresses at a given node is estimated by taking the standard deviation of the new stress and
the stress from the previous, course fit. The standard deviation can be calculated from Eq 1.1.

a5 (i,j) = %w(i,j) —o(i,j—1)| Eq11

Where, o(i,j) represents the stress at node i for the smoothing spline solution j, and j — 1
refers to the previous, course smoothing spline solution. An averaged uncertainty in the
calculated stresses can then be calculated. The optimum knot spacing will always relate to the
lowest average stress uncertainty using the root-mean-square (RMS) of all the nodal
uncertainties from Eq 1.2 [28].

(avg) 00(j) = % \/Z?:l[aa(i, N® Eql2

Residual stress back calculation (FE modelling)

For the contour method stress calculation, linear elastic finite element (FE) analysis is
performed using a standard FE code such as ABAQUS. The contour cut has to be symmetric
therefore only one of the cut halves is used to create a three dimensional finite element model.
The model is created by using the measured perimeter of the cut part. Ideally the cut surface
should be modelled with a deformed face and then forced back to a flat surface. However in
practice, the measured deformations resulting from stress relaxation are very small in
comparison to the size of the components being measured. Therefore, for convenience, the
cut surface is modelled as having a flat (undeformed) cut face. The FE model of the specimen
is meshed and the elastic material properties of the specimen are defined. The contour method
is based on an elastic superposition principle. The material behaviour is assumed to have
isotropic linearly elastic properties, defined by the values of Young modulus and Poisson’s
ratio. Conventionally, the finite element model is meshed using brick elements, with either
linear shape function hexahedral 8-node elements, or quadratic shape function hexahedral 20-
node elements. The next step is to apply the smoothed data, in the form of displacement
boundary conditions, on the FE nodes of the model, with reverse sign (i.e. the displacement
contour is applied in the opposite direction). Then, additional boundary conditions are applied
to FE model to prevent rigid body motion (see Figure 1) [33]. Finally, residual stresses are
obtained by performing a linear elastic finite element analysis.

Figure 1: A deformed 3-dimensional linear FE model showing additional constraint to prevent
rigid body motion [33].



In summary, for residual stress measurement using the contour method, deformation data
defining the “contour” of the cut surface profile is applied to a finite element (FE) model of the
cut component, and a linear elastic mechanical FE analysis is carried out to determine the
residual stresses released by the cut. The following data collection and analysis parameters
are important in this process:

e The deformation measurement spacing of the cut face.
e The data smoothing (for example the ‘knot spacing’ in cubic spline smoothing).
e The size and type of element employed in the FE stress analysis.

A suitable choice of these parameters is essential, especially where the residual stress
distribution varies over short distances. In this research the choice of parameters is studied by
considering an idealised surface deformation profile and assessing how effectively the profile
Is captured using different sets of linear and cubic spline knot spacing intervals. The quality of
fit is calculated from the error relative to the idealised profile. On the basis of this investigation,
guidelines are provided to help contour method measurement practitioners select a suitable
surface measurement density, knot spacing to smooth the deformation data and FE mesh size
for the contour method data collection and analysis.

2. Idealised deformation profile

A cosine distribution of direct stress acting across a large plate is self-balancing and can
therefore be taken to represent an idealised residual stress distribution. Consider a cosine
displacement profile applied normal to the edge of a wide plate having a wavelength w, and
peak amplitude M. The stress distribution at the surface is calculated for this case using a finite
element (FE) stress analysis, for example with w = 6.28 mm and M = 0.2 um, using symmetric
boundary conditions and assuming plane strain conditions. The elastic material properties
(Young’s modulus, E =210 GPa and Poisson’s ratio, 9 = 0.3) are defined to obtain the residual
stress distribution. Figure 2 represents the FE model dimensions and boundary conditions. The
FE stress results show that in the result of applied cosine displacement profile, the stress profile
along the edge has a similar cosine form (see Figure 3). The following empirical formula (see
in Eq 2.1) can be derived from the FE results.

o (%) = 345F (%) cos (z%x) Eq2.1

€—628mm ———>

Figure 2: Finite element model, the boundary conditions and applied normal displacement (M
= 0.2 microns) along the edge of a semi-infinite plate.
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Figure 4: Idealised cosine displacement profile as a function of x/w.

The above study shows that an idealised one dimensional cosine surface deformation profile
(see Figure 4) defined by Eq 2.2, can be used for simplified data analysis investigations.



y(x) = M cos(n®) EQ2.2

Where, y(x) represents the surface deformation profile, M the maximum amplitude, and n is

the order of the function and @ = Z—;T/x , Where w is the wavelength of the surface profile

distribution.

For a simple case where M and n have values of 1, the cosine distribution y(x) has a period
of 2w, giving Eq 2.3.

y(x) = cos(z%x) Eq 2.3

3. Piece-wise linear fit to cosine deformation profile

The accuracy of piece-wise linear fits to a cosine displacement profile over different sets of
spacings, a, ranging from a/w = 0.33 to 0.071 (i.e. a = w/3 to w/14) are considered.

Figure 5 shows an example where five equally spaced sampling points are used, that is a =
w/4 for a cosine distribution. The plot also represents the piece-wise linear fit to sample points.
Note that for this case sampling points start at x/w = 0.
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Figure 5: Piece-wise linear fit to sampling points spaced w/4 apart on a cosine displacement
profile.

The equation of a straight-line can give the piece-wise linear intermediate y values between
two consecutive sampling points of each fit. Eq 3.1 represents the general equation for a
straight-line.
@-y)=m(x—-x) Eq31

Where,

_ 2 —y1)

(x2 — x1)

x and y represent the coordinate and ordinate respectively of the intermediate points between
the two points (x; ;) and (x, y,), and m represents the gradient of the line. Eq 6 is used to



calculate the values of the y coordinate along the piecewise linear fit. The deviations (errors)
of each piecewise linear fit to the idealised cosine displacement profile are then readily
calculated. The modulus of deviations for each fit are determined and used to calculate the
overall maximum deviation error, the mean deviation error and the root mean square (RMS)
deviation error. The overall maximum deviation error is found directly by considering the largest
value of the maximum deviations. The mean deviation error value is calculated by taking the
mean of all the maximum deviation values of each fit. The RMS deviation error is calculated
using Eq 3.2.

L i- 7)?

RMSE = Eq 3.2

Where: y; is the y coordinate of the cosine profile at point i and ¥, is the y coordinate of the
piecewise linear fit at point i. y;_ ¥, are the maximum values of the deviations of each piecewise
linear fit. N is the number of intervals.

Then, the non-dimensional form of the maximum, mean and RMS error is calculated by
normalising the maximum, mean and RMS errors to the idealised cosine displacement
function. The normalized maximum, mean and root-mean square (NRMS) errors are defined
in Eq 3.3.

max or mean or RMS

N.max or N.mean or NRMS = Eq 3.3

Yi(Max)- Yi(Min)

Yi(Max) @nd Yimin) are defined by the maximum and minimum values of the cosine

displacement function. The normalised maximum, mean and RMS values are represented as
percentage errors (normalised mean and NRMS are multiplied by 100%). This procedure is
repeated for the error calculations for all sets of spacing intervals.

Figure 6 demonstrates that the form of a cosine displacement distribution can be captured in
a piece-wise linear manner with increasing error for a/w > 0.1 (i-e a > w/10). The maximum
deviation error values vary from 2.3 % to 25 % and normalised mean and RMS deviation error
values vary from 2 % to 18 %. For a/w = 0.1, the maximum deviation is < 2.5 %, and the
normalised mean and RMS deviations are < 2 %; for a/w < 0.083 (a < w / 12) the maximum
deviations are < 2 %, and normalised mean and RMS deviations are ~ 1 %. Taking ~ 1 % as
an acceptable NRMS error, it can be defined that a minimum of 12 equally spaced intervals
must be selected (a/w < 0.083).
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Figure 6: Error in piece-wise linear fits to cosine distribution as a function of spacing intervals
a/w.

4. Parameters for the contour method
Element mesh size (s) for contour stress analysis

A regular array of first order, linear hexahedral 8-node brick finite elements is commonly used
to mesh the cut face of the finite element model in a contour measurement. First order brick
elements of this kind represent constant stress in each element and have linear shape
functions [34]. The errors introduced by idealising a simple cosine displacement function using
first order elements (with linear variation in displacement from node to node) can be assessed
using the errors analysis presented above (in section above Piece-wise linear fit to cosine
deformation profile). Thus, at least 12 elements of constant size, s, are required to capture a
cosine deformation profile of wavelength, w, thatis s sw /12 (s/w < 0.083) to ensure the NRMS
error <1 %.

Data smoothing (knot spacing, k)

In order to investigate the best choice for knot spacing to smooth the measured surface
deformation data, errors associated with fitting an idealised function can be quantified in a
similar way to the element mesh size study presented in section Element mesh size (s) for
contour stress analysis. Cubic splines can be used to fit the idealised cosine displacement
profile over different sets of knot spacing ranging from k/w 0.33 to 0.071 (i.e. k = w/3 to w/14).
In order to investigate the deviation between each spline fit and the original cosine
displacement profile, the root-mean-squared (RMS), maximum and mean errors are calculated
for each set of knot spacing (k).

Figure 7 shows an example where 5 knots are used, that is k = w/4 (k/w = 0.25) to capture a
cosine distribution. The plot also represents the spline fit between the knots.
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Figure 7: Spline fit to w/4 knot spacing on a cosine displacement profile.

The root mean squared error (deviation) function is defined by Eq 3.2, but noting that here
y; are the y coordinates of the cosine profile representing the measurement data points, y, are
the cubic spline fit data points and N is the total number of data points for each knot spacing
interval. The maximum deviation error is found directly by considering the largest value of
deviations. The mean deviation error value is calculated by taking the mean of all the deviation
values of each fit.

The non-dimensional form of the RMS, maximum and mean errors are then calculated using
Eq 3.2 given earlier, where y; 4y is the maximum displacement value taking from the idealised
cosine distribution function, and y;in)is the minimum displacement value taking from an

idealised cosine distribution function. As previously the NRMS values are represented as
percentage errors. This error is repeated for each set of knot spacings.
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Figure 8 represents the error values versus knot spacing for the range of k intervals from k/w
= 0.33 to 0.071 (k = w/3 to w/14). Figure 8 shows that the percentage error increases with
increase in the knot spacing. However, the errors are small because the spline fits efficiently
capture the idealised cosine profile. From Figure 8 it is evident that knot spacings k/w < 0.25
(k = w/4) give a NRMS error, normalised mean error and normalised maximum error < 1 %.
However, as the knot spacing increases the error begins to ramp up (for example for k/w =
0.33). This evidence shows that 4 knot intervals can capture the idealised cosine displacement
profile of wavelength, w with a NRMS error < 1 %.

Surface deformation measurement spacing (d)

In order to acquire a good spline fit to the surface deformation profile introduced by the relaxed
residual stress field a suitable surface measurement spacing d is required. The surface
deformation of the cut face of a component in a contour measurement is usually measured in
a regular grid of point spacing (d) in both x and y directions as shown in Figure 9. For laser
CMM measurements, each measured point is averaged over the laser beam diameter. For
touch probe CMM measurements each measurement point represents the height of the surface
area at which the probe makes the contact.
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Figure 9: Schematic drawing showing a regular grid of surface deformation sampling points for
the mating cut surfaces.
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It can be intuitively argued that the measurement spacing, d, should be less than or equal to
the linear element mesh size used to idealise the smoothed profile, that is d < s, where s <
w/12. But ideally the measurement spacing should be as small as possible as several data
points are required for cubic spline smoothing of noisy data between knots, that is d << k.

5. Residual stress wavelength, w

The residual stress wavelengths of interest have to be defined in order to apply the simple
criteria developed above. A rigorous way of identifying the dominant cosine form wavelengths
present in a residual stress field is to carry out a fourier series analysis [35]. But preliminary
knowledge of the full residual stress field may not be available. Often the reason why a contour
measurement is done is to actually quantify the residual stress field.

It is more difficult to measure short wavelength residual stress distributions because very fine
surface deformations must be resolved as shown in Eq 2.1. The shortest residual stress length
scale that can be resolved in a conventional contour method measurement can be inferred
from the characteristic length scale of the surface roughness created by the WEDM process.
RSm, the mean spacing between the profile peaks, is an important surface roughness
parameter as it provides a measure of the mean length scale of noise introduced by the cutting
process. It has been estimated that the contour method is unlikely to be able to resolve
variations in displacement across a length less than about five times RSm [27]. The
experimental results [36] show that, RSm is = 0.15 mm for a typical 0.25 mm diameter WEDM
contour cut. Thus for this case the minimum residual stress length scale that can be practically
measured by contour method is of order 0.5 to 1 mm.

More generally residual stress wavelengths likely to be present can be estimated using the
following information:

e Prior knowledge: residual stress measurement results from other techniques, from
prediction or/and published data from a similar component.

e Component dimensions (gives maximum wavelengths).

e Expert judgment.

0. Discussion

The criteria developed in this study can be used for choosing the measurement spacing d,
cubic spline knot spacing k and finite element mesh size s for the contour method data analysis,
providing the residual stress wavelengths of interest are known or can be estimated.

An appropriate estimation of the residual stress wavelengths of interest is essential because it
has a great influence on establishing suitable choices for data analysis parameters. The
developed criteria are based on a one dimensional idealised cosine displacement function of
fixed wavelength and a simple estimation of errors. In practice, the contour method provides a
two dimensional map of stress using surface deformation data measured across a two
dimensional plane. Two dimensional cubic splines are used to smooth the deformation data
and can provide better accuracy in the stress results. But the deformation field usually
comprises a mixture of wavelengths including unwanted noise for which a more robust analysis
is desirable. A further consideration is that deformation data are difficult to capture close to the
edges of the specimen especially using a touch probe CMM [28]. But the edge effects have
not been considered in the above study and again there is a scope for improving the criteria.
The importance of selecting appropriate data analysis parameters becomes very high where
short length scale residual stresses are of interest. But in order to resolve short length scale
residual stresses, a very fine surface deformation measurement density is required for which
an improved surface finish (lower roughness) is desirable to reduce ‘noise’ levels. In addition,
the cut surface should be free from cutting effects. Therefore, a good quality of cut surface is
essential for achieving a better resolution and accuracy in contour method residual stress
results together with the suitable gauge size for data collection and data analysis parameters.



The gauge size for the contour method depends upon the spacing for the surface deformation
measurements, the optimum knot spacing used to smooth the deformation data, and the
element size used in the finite element stress analysis. The deformation of the cut surface
should be measured using a suitable measurement spacing (which is usually smaller than the
FE mesh size), and then the optimum knot spacing should be selected so that the associated
cubic spline is best fitted to the displacement data. Then finally, first order elements are used
to mesh the cut face of the finite element model for stress analysis. First order elements have
linear shape function and provide constant stresses for each element. Thus, if first order
elements are used the element size used at the cut surface gives a measure of the effective
gauge size. Therefore, the effective ‘top-hat’ gauge size for the contour method can be
controlled by FE element mesh size.

The following procedure is proposed to improve the reliability of contour residual stress
measurements, especially where short length scale stress fields are of interest.

Step 1: Compile specimen geometry data and material mechanical properties including
Young’s modulus, Poisson’s ratio and the material yield stress.

Step 2: Estimate the residual stress profile across the measurement plane from which
the residual stress wavelengths w, of interest that best characterise the expected stress
field can be identified. This can be obtained from other measurement techniques, from
prediction or/and published data from a similar component.

Step 3: Perform WEDM contour cut using cutting conditions suggested in [19]. For short
length scale residual stress variations, cutting conditions giving a fine surface finish
should be chosen.

Step 4: Define the contour surface measurement density based upon the developed
criteria; that is d < w/12 and d < < k noting that the finer the spacing the better.

Step 5: Measure the cut surface with defined sampling density.
Step 6: Perform data analysis steps.

Step 7: Choose the initial knot spacing for cubic spline smoothing based upon the
wavelength analysis; that is k < w/4.

Step 8: Select the finite element mesh size based upon the wavelength analysis; that is
s<w/12.

Step 9: Then, optimise the knot spacing using the uncertainty approach of Prime [28],
by examining the different k spacings across the initial k value and calculate the stresses
for each k increment. Estimate the averaged stress uncertainty for each k increment.
The final k value is selected by minimising average uncertainty in the calculated
stresses.

Step 10: Perform final FE analysis to calculate stress results.
All above steps are summarised in the flowchart shown in Figure 10.
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using Prime’s approach. The final k value is
selected by minimising uncertainty in the
calculated stresses [28].

Perform final FE analysis to calculate stresses

'

Acceptable contour residual stress
results are achieved

Figure 10: Flowchart illustrating the proposed contour method data analysis procedure to
improve the robustness of the calculated results.



Conclusion

Three deformation data collection and analysis parameters have a major influence on the

contour method residual stress results: the surface deformation measurements spacing, d,

the cubic spline knot spacing, k, chosen to smooth the measured deformation and the finite

element mesh size, s.

The contour method data collecting and analysis parameters have been investigated by

considering a one dimensional idealised cosine function. The quality of piece-wise linear

and cubic spline fits to the idealised profile have been evaluated by calculating the fitting

errors. Threshold acceptable errors are defined which inform the choice of these

parameters.

o The residual stress wavelength, w, likely to be present in the specimen is first needed
to apply the simple developed criteria.

o For the measurement spacing, select d s w/ 12 (d/w < 0.083) and d < < k noting, the
finer the spacing the better.

o For the knot spacing, select k < w/4 (k/w < 0.25).

o For the finite element mesh size, select s s w/ 12 (s/w < 0.083).

Acknowledgment

The author would also like to thanks and acknowledge valuable discussions on this work

with Prof. John Bouchard, Dr. Jan Kowal and Dr. Foroogh Hosseinzad at The Open

University, Milton Keynes, UK.

References

[1]

[2]
[3]

[4]

[5]

[6]

[7]

M. B. Prime, “Cross-Sectional Mapping of Residual Stresses by Measuring the Surface
Contour After a Cut,” J. Eng. Mater. Technol., vol. 123, no. 2, pp. 162-168, Nov. 2000,
doi: 10.1115/1.1345526.

M. Prime and A. T. DeWald, “The Contour Method,” in Practical Residual Stress
Measurement Methods, John Wiley & Sons, Ltd, 2013, pp. 109-138.

M. Prime, M. Hill, A. DeWald, R. Sebring, V. Dave, and M. Cola, “Residual stress mapping
in welds using the contour method,” in the 6th International Conference, Pine Mountain,
Georgia, 2002, vol. 15, pp. 891-896.

Y. Traore, S. Paddea, P. J. Bouchard, and M. A. Gharghouri, “Measurement of the residual
stress tensor in a compact tension weld specimen,” Exp. Mech., vol. 53, no. 4, pp. 605—
618, 2013.

F. Hosseinzadeh, M. B. Toparli, and P. J. Bouchard, “Slitting and contour method residual
stress measurements in an edge welded beam,” J. Press. Vessel Technol., vol. 134, no.
1, pp. 011402-011406, 2012.

A. T. DeWald and M. R. Hill, “Eigenstrain-based model for prediction of laser peening
residual stresses in arbitrary three-dimensional bodies Part 1: Model description,” J. Strain
Anal. Eng. Des., vol. 44, no. 1, pp. 1-11, Jan. 2009, doi: 10.1243/03093247JSA417.

A. Evans, G. Johnson, A. King, and P. J. Withers, “Characterization of laser peening
residual stresses in Al 7075 by synchrotron diffraction and the contour method,” J. Neutron
Res., vol. 15, no. 2, pp. 147-154, Jun. 2007, doi: 10.1080/10238160701372653.



[8] Y. Zhang, S. Ganguly, V. Stelmukh, M. E. Fitzpatrick, and L. Edwards, “Validation of the
Contour Method of Residual Stress Measurement in a MIG 2024 Weld by Neutron and
Synchrotron X-ray Diffraction,” J. Neutron Res., vol. 11, no. 4, pp. 181-185, Dec. 2003,
doi: 10.1080/10238160410001726594.

[9] V. Richter-Trummer, S. M. Tavares, P. M. Moreira, M. A. de Figueiredo, and P. M. de
Castro, “Residual stress measurement using the contour and the sectioning methods in a
MIG weld: Effects on the stress intensity factor,” Ciénc. Tecnol. Mater., vol. 20, no. 1-2,
pp. 114-119, 2008.

[10] M. B. Prime, T. Gnaupel-Herold, J. A. Baumann, R. J. Lederich, D. M. Bowden, and R. J.
Sebring, “Residual stress measurements in a thick, dissimilar aluminum alloy friction stir
weld,” Acta Mater.,, vol. 54, no. 15, pp. 4013-4021, Sep. 2006, doi:
10.1016/j.actamat.2006.04.034.

[11] P. Frankel, M. Preuss, A. Steuwer, P. J. Withers, and S. Bray, “Comparison of residual
stresses in Ti—6Al-4V and Ti—6Al-2Sn—-4Zr-2Mo linear friction welds,” Mater. Sci.
Technol., vol. 25, no. 5, pp. 640-650, 2009.

[12] M. Turski and L. Edwards, “Residual stress measurement of a 316L stainless steel bead-
on-plate specimen utilising the contour method,” Int. J. Press. Vessels Pip., vol. 86, no. 1,
pp. 126-131, 2009.

[13] L. Hacini, N. V. L&, and P. Bocher, “Evaluation of Residual Stresses Induced by Robotized
Hammer Peening by the Contour Method,” Exp. Mech., vol. 49, no. 6, pp. 775-783, Dec.
2008, doi: 10.1007/s11340-008-9205-6.

[14] A. T. DeWald, J. E. Rankin, M. R. Hill, M. J. Lee, and H.-L. Chen, “Assessment of tensile
residual stress mitigation in Alloy 22 welds due to laser peening,” J. Eng. Mater. Technol.,
vol. 126, no. 4, pp. 465-473, 2004.

[15] O. Hatamleh, J. Lyons, and R. Forman, “Laser peening and shot peening effects on fatigue
life and surface roughness of friction stir welded 7075-T7351 aluminum,” Fatigue Fract.
Eng. Mater. Struct., vol. 30, no. 2, pp. 115-130, 2007.

[16] O. Hatamleh, “Effects of peening on mechanical properties in friction stir welded 2195
aluminum alloy joints,” Mater. Sci. Eng. A, vol. 492, no. 1, pp. 168-176, 2008.

[17] Y. Zhang, M. E. Fitzpatrick, and L. Edwards, “Measurement of the residual stresses
around a cold expanded hole in an EN8 steel plate using the contour method,” in Materials
science forum, 2002, vol. 404, pp. 527-534.

[18] M. B. Prime, M. A. Newborn, and J. A. Balog, “Quenching and Cold-Work Residual
Stresses in Aluminum Hand Forgings: Contour Method Measurement and FEM
Prediction,” Mater. Sci. Forum, vol. 426-432, pp. 435-440, 2003, doi:
10.4028/www.scientific.net/MSF.426-432.435.

[19] F. Hosseinzadeh, J. Kowal, and P. J. Bouchard, “Towards good practice guidelines for the
contour method of residual stress measurement,” J. Eng., p. Online-only, 2014.

[20] M. B. Prime and A. L. Kastengren, “The contour method cutting assumption: error
minimization and correction,” in Experimental and Applied Mechanics, Volume 6,
Springer, 2011, pp. 233-250.

[21] M. Kunieda, B. Lauwers, K. P. Rajurkar, and B. M. Schumacher, “Advancing EDM through
Fundamental Insight into the Process,” CIRP Ann. - Manuf. Technol., vol. 54, no. 2, pp.
64-87, 2005, doi: 10.1016/S0007-8506(07)60020-1.

[22] T. A. Spedding and Z. Q. Wang, “Parametric optimization and surface characterization of
wire electrical discharge machining process,” Precis. Eng., vol. 20, no. 1, pp. 5-15, Jan.
1997, doi: 10.1016/S0141-6359(97)00003-2.



[23] K. H. Ho and S. T. Newman, “State of the art electrical discharge machining (EDM),” Int.
J. Mach. Tools Manuf., vol. 43, no. 13, pp. 1287-1300, Oct. 2003, doi: 10.1016/S0890-
6955(03)00162-7.

[24] S. Ali, “Probing system characteristics in coordinate metrology,” Meas. Sci. Rev., vol. 10,
no. 4, pp. 120-129, 2010.

[25] R. J. Hocken and P. H. Pereira, Coordinate Measuring Machines and Systems, Second
Edition. CRC Press, 2011.

[26] D. Flack, “CMM probing-Issue 2. A National Measurement Good Practice Guide, No 43.”
2014.

[27] F. Hosseinzadeh, “Surface profile measurement for the contour method,” The Open
University, OU/MatsEng/019, Issue 1.

[28] M. B. Prime, R. J. Sebring, J. M. Edwards, D. J. Hughes, and P. J. Webster, “Laser
surface-contouring and spline data-smoothing for residual stress measurement,” Exp.
Mech., vol. 44, no. 2, pp. 176184, Apr. 2004, doi: 10.1007/BF02428177.

[29] M. B. Prime, T. Gnaupel-Herold, J. A. Baumann, R. J. Lederich, D. M. Bowden, and R. J.
Sebring, “Residual stress measurements in a thick, dissimilar aluminum alloy friction stir
weld,” Acta Mater., vol. 54, no. 15, pp. 4013-4021, 2006.

[30] D. W. Brown et al., “Critical comparison of two independent measurements of residual
stress in an electron-beam welded uranium cylinder: neutron diffraction and the contour
method,” Acta Mater., vol. 59, no. 3, pp. 864-873, 2011.

[31] P.J. Bouchard, M. Turski, and M. C. Smith, “Residual Stress Concentrations in a Stainless
Steel Slot-Weld Measured by the Contour Method and Neutron Diffraction,” pp. 335-345,
Jan. 2009, doi: 10.1115/PVP2009-77234.

[32] M. Kartal et al., “Residual stress measurements in single and multi-pass groove weld
specimens using neutron diffraction and the contour method,” in Materials Science Forum,
2006, vol. 524, pp. 671-676.

[33] M. B. Prime, D. J. Hughes, and P. J. Webster, “Weld application of a new method for
cross-sectional residual stress mapping,” in 2001 SEM Annual Conf. on Experimental and
Applied Mechanics, Portland, OR, 2001, pp. 608—611.

[34] R. D. Cook, D. S. Malkus, M. E. Plesha, and R. J. Witt, Concepts and Applications of Finite
Element Analysis, 4th ed. New York, NY: John Wiley & Sons, 2001.

[35] P. J. Bouchard, P. J. Budden, and P. J. Withers, “Fourier basis for the engineering
assessment of cracks in residual stress fields,” Eng. Fract. Mech., vol. 91, pp. 37-50, Sep.
2012, doi: 10.1016/j.engfracmech.2012.05.004.

[36] N. Naveed, “Improving the spatial resolution of the contour method,” The Open University,
2016.



