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Abstract
Background  The split sleeve cold expansion process is widely used to improve the fatigue life of fastener holes in the civil 
and military aircraft industry. The process introduces beneficial compressive residual stresses around the processed hole, 
but uncertainties remain about the character of the stress field immediately adjacent to the bore of the hole.
Objective  The primary objective of this study was to implement the contour method with minimising error associated with 
cutting-induced plasticity to provide detailed and reliable characterisation of the residual stress introduced by the split sleeve 
cold expansion process.
Methods  A systematic FE study of plasticity effects by simulating different contour cutting strategies (a single cut, two 
sequential cuts and a 6-cut sequence) for a cold expanded hole in an aluminium alloy coupon was conducted. The identified 
‘optimum’ cutting strategy was then applied experimentally on coupons containing a hole that had been processed to 3.16% 
applied expansion.
Results  The FE study of different cutting simulations show that the locations of the stress error is consistent with the loca-
tion where cutting-induced plasticity accumulated and that the magnitude and locations of stress re-distribution plasticity 
can be controlled by an optimised cutting strategy. In order to validate this hypothesis a high quality contour measurement 
was performed, showing that accurate near bore stress results can be achieved by the proposed 6-cut approach that controls 
cutting induced plasticity.
Conclusions  The present work has demonstrated that detailed FE simulation analysis can be a very effective tool in supporting 
the development of an optimum cutting sequence and in making correct choices of boundary conditions. Through optimizing 
these key aspects of the cutting sequence one is much more likely to have a successful, low error contour residual stress result.

Introduction

Fastener holes are essential in aircraft structures to allow 
for the mating of structural items. The introduction of 
a fastener hole into a critical structural member intro-
duces a local stress concentration under far field opera-
tional loading. These geometric notches are therefore 
susceptible to fatigue nucleation and subsequent crack 
propagation, requiring regular in-service inspection to 

be performed in order to maintain the structural integ-
rity of an operational fleet. In an effort to increase the 
length of time before an initial inspection, and between 
recurring inspections, the Split Sleeve Cold ExpansionTM 
(SSCxTM ) process was developed in the early 1970s by 
the Boeing Company, then later patented and marketed 
by Fatigue Technology Incorporation (FTI) [1, 2]. The 
process introduces a deep residual compressive stress in 
the material around the processed fastener hole. This local 
compressive residual stress is balanced by a far field low-
level tensile stress. The SSCxTM process is performed by 
hydraulically pulling a tapered mandrel through a lubri-
cated sleeve which has been placed between the mandrel 
and the fastener hole. It has been demonstrated repeatedly 
that this process increases the fatigue crack growth life 
of treated fastener holes [2–4]. However, the magnitude 
and distribution of the residual stress developed by the 
SSCxTM process is complex owing to many factors such 
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as imperfect axisymmetry, variations through the thick-
ness due to the mandrel being pulled through the material, 
cyclic material properties and the initial hole diameter [5]. 
But for accurate prediction of fatigue crack growth life 
(and the development of the in-service inspection inter-
vals), it is essential to have a detailed and reliable charac-
terisation of the residual stress introduced in the material 
at the processed hole. Such knowledge is also required to 
improve the performance, reliability and repeatability of 
the SSCxTM process.

Many studies have been conducted to characterise the 
residual stress induced by SSCxTM process including numer-
ical Finite Element (FE) modelling [6–8] and various exper-
imental techniques, such as X-ray Diffraction (XRD) [9], 
Neutron Diffraction (ND) [10] and modified Sach’s boring 
[11]. All measurement techniques have strengths and limita-
tions, for example whilst XRD and ND are non-destructive, 
their spatial resolution is limited by the gauge size and by 
a large material grain size [12]. One major challenge for 
accurately determining the residual stress at Cx holes is the 
very steep residual stress gradient near the edge of the hole 
[10]. In addition to this, XRD can only determine surface 
stresses penetrating to a depth of tens of microns. Whilst ND 
can characterise stresses in samples up to 30-40 mm deep, 
the sample has to be taken to a central facility for access to 
an expensive high intensity reactor or pulse neutron source 
[10]. On the other hand, the Sach’s boring technique is a 
relatively quick and cost effective laboratory measurement 
method, but the specimen cannot be reused, and it assumes a 
residual stress distribution that is uniform through the thick-
ness [11, 13, 14], which has been demonstrated to limit the 
effectiveness of the characterised residual stress field in 
crack growth predictions [4, 15–18].

The contour method allows for the determination of 
residual stresses along a plane of interest. It was first pro-
posed in [19], has also been applied to Cx hole components 
[20–22]. It has the unique advantage of being able to provide 
a two-dimensional map of residual stress across a plane of 
interest with relatively high spatial resolution. The technique 
involves cutting the component into two halves by wire 
Electro Discharging Machining (EDM) to relax the existing 
residual stress. Corresponding relaxed out-of-plane defor-
mation on the cut surfaces of the two halves is accurately 
measured by a Coordinate Measurement Machine (CMM). 
The measured deformation contours of the cut faces are then 
averaged and smoothed to remove shear stress effects and 
noise respectively. Finally, the opposite sign of the averaged 
smoothed deformation data are applied as boundary condi-
tions to a 3D linear elastic FE model of one cut half of the 
component to determine the pre-cut residual stress acting 
normal to the cut plane. The technique has been applied to 
many engineering components with different material and 
complex geometries [23–25] and extended to determine 

different stress components using multiple cuts [26] and 
multiple methods [27]. The technique is described in detail 
in [28, 29].

The accuracy of the contour method critically depends on 
minimising the error sources, such as artefacts introduced 
by the EDM cutting process [28, 30] near surface uncer-
tainties [31, 32], bulge [32] and Cutting-Induced Plasticity 
(CIP) [33, 34]. In this study we focus on CIP and its mitiga-
tion in the Cx plate application. Plasticity is a major source 
of residual stress determination error in Mechanical Strain 
Relaxation (MSR) techniques that rely on the assumption 
that the stress relaxation process is purely elastic. Unsurpris-
ingly, CIP generally occurs near the region where the mag-
nitude of residual stresses approaches the yield stress of the 
material [35, 36]. Extensive studies have been conducted by 
many research groups to understand and control stress re-
distribution plasticity during the cutting process for contour 
method measurements. One approach is to apply mechanical 
restraint (clamping) near the cut surface during wire EDM 
cutting [33, 37]. Another is to design a bespoke cutting path 
configuration that has been optimised using prior knowledge 
of residual stress field in the component [38, 39]. A third 
approach, with practical benefits, is to use self-restraint of 
the structure by starting the cut from a pilot hole located a 
few millimetres within the component of interest [12, 40, 41]. 
The latter strategy, often referred to as an “embedded cutting 
configuration”, was initially developed at The Open Univer-
sity. The concept is to use the stiffness of the structure to 
control the concentration of re-distributing stresses ahead of 
the wire EDM cut slot and thereby limiting plasticity and cut 
tip displacement errors. The stress field ahead of the cut tip 
is essentially characterised by the linear elastic Stress Inten-
sity Factor (SIF); this provides a means for comparing the 
effectiveness of restraint strategies and the benefits of using 
a ‘single’ embedded cutting configuration [34]. The benefits 
of controlling the SIF by using 5 intermittent cuts 4 along 
the same plane has been demonstrated by Muránsky et al. 
[12]. Here it was shown that further improvements can be 
achieved by delaying the cut through the region of interest, if 
it contains significant internal stresses, until these stresses are 
relaxed via release of the equilibrating stresses found outside 
the region of interest. However, this double-embedded cut-
ting strategy has been primarily implemented on weldments 
containing high tensile residual stress levels and its efficacy 
for other engineering components with different residual 
stress states is yet to be demonstrated.

This paper examines the merits of applying different con-
tour method cutting strategies for determining the residual 
stress distribution in a Cx hole test coupon. In order to inves-
tigate this a representative residual stress field is introduced 
into a 3D elastic-plastic FE analysis of the Cx test coupon. 
The simulated coupon is then cut in half to simulate the con-
tour method. Through this process it is possible to predict 
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the residual stress state in the coupon for each of the contour 
cutting strategies. Details of the predicted magnitude, loca-
tions of plasticity and their effect on the apparent determined 
stress field are discussed. These predicted results are then 
compared with stress data from contour measurements of 
Cx hole test coupons to confirm the value and validity of the 
numerical simulation.

Split Sleeve Cold Expansion (SSCxTM ) Process 
and Test Components

The SSCxTM process is performed by hydraulically pulling 
a tapered mandrel through a lubricated sleeve that has been 
installed in the processed fastener hole. The combined maxi-
mum diameter of the mandrel and the sleeve is greater than 
the diameter of the hole such that as the mandrel is pulled 
through the hole, increasing radial interference plastically 
deforms the material surrounding the hole creating a plasti-
cally strained zone [5, 42]. This process produces an elasti-
cally strained region that can reach up to one diameter away 
from the hole. The displacement mismatch between these 
two strained regions produces a self-equilibrated residual 
stress field around the hole. High magnitude compressive 
residual stress in the hoop direction near the bore reduces 
and becomes tensile at around one radius away from the 
edge of the hole [43–45]. Figure 1(a) illustrates the SSCxTM 
process and Fig. 1(b) shows a typical residual stress field 
created by the SSCxTM process.

Three test coupons of dimensions of 126 × 100 × 6 mm3 
were made from Aluminium 2024-T351 plate, having a 
Young’s modulus of 73,773 MPa and Poisson’s ratio of 0.33 
[46]. A 12.12 mm diameter hole was drilled at the centre of 
each coupon. The same SSCxTM process was applied to all 
three test coupons and all coupons were processed during the 
same processing session to minimise processing error. These 
coupons were designed to have a starting hole diameter that 
would allow for the introduction of a 3.16% applied expan-
sion level. For this hole diameter the FTI spec allows for an 
applied expansion range between 3.16% to 4.16% . The goal 
for all of these coupons was to provide an applied expansion 
level which would be at the “low” end of the specification 
[47]. For all three of the test coupons the standard 16-0-N 
FTI tooling was used. For that tool set the max mandrel 
diameter was 11.8948 mm. The final diameter of the Cx 
processed hole was about 13 mm, see Fig. 2(a). The material 
stress-strain properties at room temperature were determined 
by Southwest Research Institute (SwRI) to ASTM E8 [48] 
using a 12.7 mm wide, 7.6 mm thick tensile specimen with 
a gauge length of 50.8 mm. Strain was measured using an 
extensometer and with strain gauges applied on each side 
of the specimen. The tensile test results are depicted in 

Fig. 2(b) and give a measured 0.2% proof stress of 359 MPa 
and UTS of 459 MPa at a final strain of 22%.

Contour Method Simulation

FE simulations of the planned contour method were con-
ducted first in order to study the stress re-distribution dur-
ing cutting, the likely associated plastic deformation, and 
consequential stress determination errors. Three wire EDM 
cutting sequences were assessed with their corresponding 
boundary conditions in order to understand the mechanics 
and identify the approach that minimised predicted stress 
errors due to CIP in the regions of most interest (close to 
the Cx hole bore).

FE simulation of the contour method process involved the 
following steps: 1) introducing a residual stress field into a 
3D FE model of the coupon similar to that created by the 
Cx process; 2) predicting the elastic-plastic redistribution 
of residual stress as the coupon was cut, taking account of 
the cutting pathway/sequence, material removed and applied 

Fig. 1   (a) FTI’s SSCxTM set-up with mandrel, sleeve and workpiece 
shown − highlighting the entrance and exit side of the Cx process. 
Figure is from [16]. (b) Typical 3D residual stress distribution around 
a Cx hole, determined by neutron diffraction technique, Figure is 
from [10] 
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boundary conditions; 3) extracting displacement contour 
data from the simulated cut surfaces; 4) applying this 
contour data set as a boundary condition to a separate FE 
model of the cut component and carrying out a linear elas-
tic mechanical analysis to determine the simulated contour 
residual stress data; and 5) comparing this “measurement” 
with the original residual stress field introduced in step 1).

Three different cutting sequences were investigated: a) a 
single cut (referred as Edge-to-edge), starting from the left 
outer edge of the coupon and terminating at the right edge, 
after passing through the centre of the hole, see Fig. 3(a); 
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Fig. 2   (a) A schematic diagram of the Cx hole test coupon, indicating 
that contour cut is performed at mid-length on a ZX plane along the Y 
axis. (b) Al2024-T351 stress-strain curve obtained from a tensile test. 
Two strain gauges were glued on each side of the specimen together 
with extensometer measurement. The number of points in the lines 
was reduced for clarity of the figure

Fig. 3   Schematics illustrating the different cutting sequences stud-
ied: (a) single straight cut, (b) two hole-out cuts, and (c) 6-cut cut-
ting strategies. Blue regions in (a) and (b) are the areas over which 
restraint was applied to representing clamping strategy, and green cir-
cles in (c) indicate 1.8 mm diameter pilot holes for the 6-cut strategy. 
The numbers in the figures indicate the dimension in mm
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b) two sequential cuts (referred as hole-out), each starting 
from the inner edge of the Cx hole, the first progressing to 
the left edge of the coupon and the second cut to the right 
edge, see Fig. 3(b); and c) a 6-cut sequence as illustrated 
in Fig. 3(c).

Two symmetry plane boundary conditions at Y = 0 
and Z = 0 were applied allowing a one-quarter model 
to be used for the simulation studies, see Fig. 4. Cutting 
sequences a) and b) were simulated with surface nodes 
restrained within the blue regions depicted in Fig. 4(a). 
These boundary conditions, referred to as “Standard 
Restraint”, represent standard contour measurement prac-
tice where samples are clamped onto a baseplate on both 
sides of the planned cut line. Then cutting sequence (c) 
was simulated with low restraint (but effectively unre-
strained) boundary conditions that just removed rigid-body 
motion. In this case restraint in the X direction was applied 
at the bottom centre node on the Z = 0 plane, see Fig. 4(b). 
During the cutting simulation the Y and Z symmetry condi-
tions restrained deformations acted in the Y and Z direc-
tions. However, Y symmetry condition was progressively 
released during the cutting simulation and therefore addi-
tional X and Y direction restraints were applied to the top 
centre node on the Z = 0 plane right before completion of 
the cut, see Fig. 4(b).

Cutting sequence c) generally involved the introduction 
of two pilot holes (of diameter 1.8 mm) positioned 5 mm 
away from the outer edges of the coupon (where the mag-
nitude of residual stresses were low). The first cut started 
from the left pilot hole and terminated at an intermediate 
pilot hole after cutting inwards 28.5 mm. A second cut 
was then performed in a mirror-symmetric manner starting 
from the right pilot hole. Next, the ligaments beyond the 
pilot holes on both sides of the specimen were severed in 
an outward direction. Finally cut-5 and cut-6 were used to 
cut the regions of most interest near to the inner surface 
of the Cx hole. The multi-cut approach uses the principal 
of “self-restraint” to limit plastic deformation associated 
with residual stress re-distribution as the coupon is cut. 
The specific sequence was designed to eliminate cutting 
plasticity in the region of interest near the bore and con-
trol CIP levels elsewhere during the cut. The optimum  
location of pilot holes relative to the edge of a sample has 
been studied previously [12] for welded components. If the 
distance is < 5 mm, then there is a risk that the cut-opening  
self-restraint provided by the ligament is insufficient to 
limit the stress intensification ahead of the cut (and may 
result in local plastic deformation). On the other hand if 
the ligament is too long then relaxation of high magni-
tude stresses by partial cuts 1 and 2 may be insufficient. 
Likewise the 28.5 mm cut length was chosen to ensure 
sufficient relaxation of compressive residual stress near the 
Cx hole, whilst keeping stresses low enough to avoid CIP.

Step 1: Create 3D FE Model of Coupon with Cx 
Residual Stress Field

The 3D FE model of the coupon was created (and ana-
lysed) using ABAQUS 6.13 software [49]. Two symmetry 
plane boundary conditions at Y = 0 and Z = 0 were applied 

Fig. 4   Schematic illustrations of two different boundary conditions 
for the FE cutting simulation: (a) “standard restraint” and (b) “unre-
strained”
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allowing a one-quarter model of the actual geometry of the 
coupon to be used for the simulation studies, see Fig. 5(a). 
A total of 81,546 four-node linear elements with reduced 
integration points were used. The elements belong to three 
families: elements approximately 0.2 × 0.1 × 1 mm3 to be 
removed in order to simulate the cutting process; elements 
approximately 0.2 × 0.2 × 1 mm3 in the immediate vicin-
ity of the cut plane and near the hole; and the remaining 
elements biased from 0.2 to 2 mm along the Y-axis, see 
Fig. 5(a). The elements were assigned the material proper-
ties described in “Split Sleeve Cold Expansion (SSCxTM) 
Process and Test Components” for Al2024-T351 with an 
isotropic hardening assumption [50]. This simple harden-
ing model was judged appropriate to represent to one-half 
elastic-plastic cycle associated with the Cx simulation and 
any subsequent half-cycle introduced by contour method 
stress re-distribution. For the purpose of optimising contour 
cutting strategies the contour method simulations used rate 
independent material properties.

The Cx process was simulated in a simplified way by 
applying an outward radial displacement of 0.195 mm (3% 
expansion) to the surface nodes of elements through the 
thickness of the bore in an elastic-plastic large-displacement 
finite element analysis, see Fig. 5(a). This applied displace-
ment loading condition generated localised plastic defor-
mation, corresponding to a 5.3% maximum equivalent plas-
tic strain and an idealised residual stress field surrounding 
the hole with a peak compressive hoop stress of 462 MPa 
close to the hole edge when the applied displacement was 
removed, see Fig. 6. It should be noted that this work did 
not intend to simulate the details of the complicated SSCxTM 
process. Instead the purpose of contour method simulations 
was to implement a simplified modelling approach to gener-
ate a stress state in the coupons similar to those produced 
by the SSCxTM process and use this as a basis to understand 
how plasticity evolves as the coupons are cut for the con-
tour method measurements and optimise the cutting strategy. 
Particularly, the amount of the applied radial displacement 

Fig. 5   (a) Schematic showing 
one quarter 3D FE model of the 
coupon with a Cx hole, and (b) 
close-up view of the mesh at 
the cutting plane. The mod-
elled hole radius is 6.5 mm. An 
outward radial displacement of 
0.195 mm was applied through 
the thickness of the bore of the 
hole and then removed to create 
an initial residual stress field
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in the FE simulation was on the basis of reaching the size 
of final hole diameter rather than implementing the actual 
expansion level in practice.

Step 2: Contour Method Cutting Simulation

Following the simulation of the introduction of a representa-
tive residual stress field in the coupon model (and removal 
of the initial radial displacement at the hole), the “Standard 
Restraint” or “Unrestrained” boundary conditions, as shown 
in Fig. 4, were applied to the model as indicated in Fig. 5. 
Simulation of the wire EDM cutting process was simplified 
by incrementally removing through-thickness lines of three 
elements immediately ahead of the cut tip in an elastic-plastic 
mechanical analysis. No attempt was made to represent the 

physics of the spark erosion process. The 0.1 mm width of cut 
elements represents a total resultant wire EDM cut width of 0.2 
mm associated with a 0.15 mm diameter cutting wire, exploit-
ing the symmetry boundary condition. The size of elements 
along the cut line determines the depth of each incremental 
step and is a critical parameter for this type of analysis [51]. 
The smaller the depth of cut at each step the more accurate the 
redistribution of residual stresses and the prediction of plastic-
ity associated with progressive extension of the cut. However, 
increasing the number of cutting steps increases the compu-
tational time and a pragmatic choice of element size must be 
made. In the present case, cutting was simulated by progres-
sively removing strips of three elements, each strip being 0.1 
mm wide by 0.2 mm deep in the cutting direction and 3 mm 
wide in the through-thickness direction, see Fig. 5(b). Each of 
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Fig. 6   (a) The initial hoop and radial residual stress fields generated 
from a simulated Cx process, superimposed with induced equiva-
lent plastic strain. The line profiles are obtained from the Z = 0 (XY 
symmetry plane) along the X-direction. (b) Contour map illustrating 

the distribution of hoop residual stress introduced by simulating the 
simplified cold expansion process. The maximum compressive hoop 
residual stress of 462 MPa is located near to the hole edge
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the cutting sequences shown in Fig. 3 was modelled with one 
of the boundary conditions described earlier.

Steps 3 and 4: Contour Method Simulation 
Back‑Calculation

After the cutting simulation, out-of-plane displacements 
(in the Y direction) at the nodes of the cut faces were col-
lected and applied as a boundary condition to correspond-
ing nodes of a new FE model of the cut coupon and a lin-
ear elastic stress analysis was performed. Assuming elastic 
conditions have remained during cutting, and the loss of 
material is ignored, this procedure predicts the stress field 
in the component after relaxation has occurred due to the 
cutting. At the cut face the relaxed stress is equal to the 
residual stress that was acting normal to the cut plane in 
the original uncut component. This stress back-calculation 
procedure is conventionally used in the contour method 
with (processed) experimental cut face displacement data, 

see “Experimental Validation”. However, the purpose of the 
contour cut simulation and present back-calculation was to 
identify the magnitude and distribution of the determined 
stress errors that can be introduced by the contour cutting 
process (and designed cutting sequence variants), that is by 
plasticity associated with stress re-distribution and relaxa-
tion as the cut progresses [32].

Step 5: Assessment of Simulated Stress 
Measurement Error Results

Hoop residual stresses from the simulated contour method 
were calculated using the following cutting sequences (a) 
edge-to-edge, (b) hole-out with standard restraint and (c) 
6-cut with unrestrained boundary conditions are compared 
with the initial hoop residual stress field in Fig. 7. Line pro-
files at Z = 0 along the X-direction (on the XY symmetry 
plane) are presented in Fig. 8(a) with the region of particular 
interest (near the hole bore) highlighted. These results show 
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that the simulated residual stress profiles obtained from the 
hole-out and 6-cut cases generally give a much closer match 
to the initial FE predicted stress distribution than the edge-
to-edge case, although in the 6-cut and hole-out cases there 
are localised stress spikes at the end of the coupon and the 
locations where cut-1 and cut-2 finish for the 6-cut strategy. 

In particular, in the region of interest on the left side of the 
hole, a large stress error is evident in the edge-to-edge cut 
case. In the region of interest on the right side of the hole 
the residual stress distribution for all three cases are close 
to the initial FE predicted stress distribution, with the 6-cut 
case giving a near perfect match. It is also important to note 

Fig. 8   (a) Predicted hoop 
residual stress profiles at mid-
thickness along the X-axis from 
the contour method simulations 
for different cutting sequences, 
compared with the initial resid-
ual stress field. (b) Predicted 
cutting induced plastic strain at 
the cut surface of the simulated 
contour method made using 
different cutting sequences and 
boundary conditions
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in Fig. 8(a) that the shape and magnitudes of the stress pro-
files on the left and right side of the hole are not the same. 
These results show that the most accurate stress profile is 
obtained on the right side of the hole. This is because the 
remaining stresses on the right side of the hole during the 
cut is redistributed and relaxed by cutting the left side of the 
hole. For all of these simulations the right side of the hole 
was the last side to be cut, and thus it can be seen from these 
simulations that if a residual stress profile was to be picked 
for future analysis, the most accurate stress profile would be 
that developed from the last side of the cut through the hole.

It is instructive to inspect the predicted distributions of 
plastic strain introduced by the different cutting sequences. 
Figure 8(b) compares the predicted plastic strain (equivalent 
plastic strain output PEEQ in ABAQUS) on Z = 0 along the 
X-axis of the cut surfaces. The plastic strain caused by the cut-
ting simulation was obtained by subtracting the PEEQ output 
at the end of “Step 1: Create 3D FE Model of Coupon with Cx 
Residual Stress Field” from the PEEQ output at the end of the 
“Step 2: Contour Method Cutting Simulation”. As expected, 
the locations of stress error from the simulated contour method 
with the different cutting cases are consistent with those that 
have high magnitude equivalent plastic strain. There is an 
excessive plastic strain observed on the left side of the hole 
for the edge-to-edge case, while distributions of plastic strain 
of up to 1 % magnitude extending radially outwards about 10 
mm from the Cx bore were found on the right region of the 
hole for edge-to-edge and both regions for the hole-out cases. 
Whereas similar shape of distribution, but of lower magni-
tude occurred on the left region alone in the 6-cut case. The 

significant reduction in CIP on the right side of the hole for 
the 6-cut case gives the stress profile that is in good agreement 
with the initial residual stress field. It can also be observed that, 
localised plasticity spikes are predicted where each cut exits 
the sample. These plastic strain errors cause local perturba-
tions in the surface displacement field, which affect the back-
calculated stresses, as shown in Figs. 7 and 8(a).

The impact of the accumulated CIP on the shape of stress 
field around the bore for each cutting strategy can be observed 
in Fig. 7. The predicted initial stress shows a steeper gradient 
in the X-direction in the mid-thickness of the sample (Z = 0 
mm) than in the top or bottom surfaces (Z = 3 mm). This gen-
eral behaviour is preserved by the 6-cut strategy whilst partly 
reversed for the edge-to-edge cut and fully reversed for the 
hole-out cut. For the edge-to-edge cut the CIP on the left side 
of the hole is very significant however very localised. This 
does not seem to have had impacts on the shape of the stress 
field. On the right side of the hole, the side that is cut last, the 
CIP is spread over a wider area and this has reversed the stress 
gradient along the X-direction. Similar observation on both 
sides of the hole can be seen for the hole-out cut. Controlling 
the CIP for the 6-cut strategy seem to have helped in preserv-
ing the expected stress field around the bore.

Experimental Validation

The contour method was performed on samples with Cx holes in 
order to assess the validity of the FE study findings. Three cou-
pons of dimensions 126 × 100 × 6 mm3 with a single SSCxTM 

Fig. 9   Experimental set-up for 
the 6-cut cutting strategy show-
ing the pilot holes and clamping 
arrangement
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processed hole in the middle of the coupon (R = 6.5 mm) were 
manufactured from Al2024-T351 as described in “Split Sleeve 
Cold Expansion (SSCxTM) Process and Test Components”. All 
of the contour cuts were made using an Agie Charmilles wire 
EDM machine (FI-440CS) with a 0.15 mm diameter wire. Sac-
rificial plate material [28, 31] was bonded to the top and bottom 
faces of each coupon using a conductive silver loaded epoxy 
glue in order to prevent through-thickness cutting artefacts asso-
ciated with EDM wire entry and exit, see Fig. 9.

For the edge-to-edge and hole-out cutting sequences, each 
coupon was clamped at the locations simulated in the FE 
analysis, as shown in Fig. 4(a). To represent the unrestrained 
boundary condition for the 6-cut configuration, described in 
“Contour Method Simulation” and shown in Fig. 4(b), the 
two pilot holes of 1.8 mm diameter were drilled 5 mm away 
from the edges of the plates, as shown in see Fig. 9, and rigid 
body movement of the specimen during cutting was secured 
by 8 bolts fixed to the EDM bed around the four sides of the 
plate and a lightly forced cantilever clamp on the top face 
of the specimen. It is often the case that the EDM cutting 
wire cannot be rethreaded at the finish point of a prior cut 
owing to excessive cut face deformation (especially for a low 
stiffness aluminium alloy) and therefore two additional pilot 
holes were drilled where cut-1 and cut-2 finished.

The out-of-plane displacements of the cut surfaces were 
then measured using a Zeiss Eclipse CMM fitted with a 
Micro-Epsilon triangulating laser probe and a 4-mm diam-
eter ruby-tipped Renishaw PH10M touch trigger probe. The 
touch trigger probe was used to measure the perimeter of the 
cut surface accurately and the triangulating laser probe was 
used to measure the relaxation displacements normal to the cut 
surface on a 0.025 × 0.025 mm grid. The measured displace-
ment data for each cut surface were then processed using the 
standard approach for contour measurement as described in 
“Introduction”.

Two different sets of processed displacement data were used 
in this study to assess the effect of local deviations in meas-
ured displacement on reconstruction of residual stress. The first 
dataset deliberately includes the measured local deviations in 
displacement at the edges of the coupon for comparison with 
the FE contour cut simulation studies; but displacement per-
turbations near the pilot hole regions from the 6-cut case were 
censored via the smoothing process, see Fig. 10(c). The second 
dataset censored all of the deviations and filled the gaps by inter-
polation or extrapolation. The two different sets of processed 
data from all cutting sequences are compared in Fig. 10.

Fig. 10   Processed out-of-plane displacement data with and without 
singularity error; (a) edge-to-edge, (b) hole-out, and (c) 6-cut cases. 
The opposite sign of processed displacement data were then applied 
to (d) the corresponding fully elastic FE model used to back calcu-
late a 2D map of determined residual stress. Two additional boundary 
conditions were applied on bottom left and right corners of this elas-
tic FE model to avoid rigid-body movement

▸
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Then, the processed displacement data from the three 
cut sequences were applied to FE models of the cut parts 
as boundary conditions, but with reversed sign. Additional 
restraints in X and Z directions in bottom left corner and X 
direction in bottom right corner of the model were applied to 
each model to stop rigid body motion, see Fig. 10(d).

Experimental Results

Figure 11 shows the corresponding maps of determined 
hoop residual stress from the uncensored displacement data 
and Fig. 12(a) shows the line profiles at mid-thickness (at Z 
= 0) along the X-direction. The hoop residual stress profiles 
are broadly consistent with the contour simulation, compare 
with Figs. 7 and 8(a). This gives us confidence in the validity 

of the contour simulation study and its findings. The deter-
mined stresses from the hole-out and 6-cut cutting sequences 
agree with each other closely, with the maximum compres-
sive hoop residual stress of about 450 MPa near the Cx hole 
bore, but the edge-to-edge cut gives a significantly different 
stress distribution approaching the left hand edge of the Cx 
hole. This change in the stress distribution was predicted by 
the FE process contour method simulation.

It is normal practice in conventional contour measure-
ments to look critically at the measured displacement data 
and censor extreme outliers. This includes obvious artefacts 
like wire breaks and cut exit anomalies. The same displace-
ment data were therefore processed to remove the cut exit 
stress singularity effects and extrapolate or interpolate and 
using a data smoothing algorithm across gaps in the dis-
placement data, see Fig. 10. The back-calculation for each 

-50 -40 -30 -20 -10 0 10 20 30 40 50
X, mm

-3

0

3

Z,
 m

m

(MPa)

-500 -400 -300 -200 -100 0 100 200 300 400 500

(a)

-50 -40 -30 -20 -10 0 10 20 30 40 50
X, mm

-3

0

3

Z,
 m

m

(b)

-50 -40 -30 -20 -10 0 10 20 30 40 50
X, mm

-3

0

3

Z,
 m

m

(c)

Fig. 11   Determined hoop residual stress maps from different cutting cases: (a) edge-to-edge, (b) hole-out, and (c) 6-cut. The uncensored out-of-
plane displacement data in Fig. 10 (blue dots) were used for stress back-calculation
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sample was then repeated using the processed deformation 
data giving the residual stress results shown in Fig. 12(b). 
The stress profiles for the hole-out and 6-cut cases are simi-
lar to the results with the cut exit artefacts, except for both 
ends that have been corrected. But, the stress profile near 
the left side of the hole for the edge-to-edge cut (with cut 

exit artefact removed) still deviates from the others, giving 
a hoop residual stress of about 170 MPa lower (compres-
sive) magnitude than the 6-cut case at the bore. This result 
helps to verify the conclusions gain from the FE simulations, 
showing that the last side of the hole that is cut is the most 
accurate residual stress profile.

Fig. 12   Determined hoop 
residual stress profile along the 
mid-thickness (Z = 0) of the 
Cx coupons plates for differ-
ent cutting cases: (a) with the 
uncensored and (b) censored 
out-of-plane displacement data, 
see Fig. 10
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Discussion

A rapidly varying residual stress field toward an edge, such 
as that approaching the edge of a Cx hole, is difficult to deter-
mine using the contour method [29]. A high quality wire 
EDM cut is required to provide accurate residual stress data. 
This requires many key elements which include a cut that is 
unperturbed by the stability of the wire cutting process [30], 
wire travel entry and exit effects [28] and stress re-distribution 
plasticity. Thus, it is often the case that contour stress results 
up to 0.5 mm from the surface edges are not reported because 
of wire travel entry and exit cutting artefacts unless special 
care has been taken to minimise this source of error [28, 31]. 
In the present experimental work, sacrificial material was 
bonded to the exposed top and bottom surfaces of the coupon 
to minimise surface proximity cutting artefacts. Sacrificial 
material was also bonded to the edges of the coupon, includ-
ing inside of the Cx hole. This was done to help mitigate cut 
start-up transient conditions and changes in cutting conditions 
as the wire exited the coupon [28].

The present work has highlighted an additional important 
artefact that occurs when the cut exits an edge of the sample 
of interest. As the ligament length reduces, re-distributing 
stresses ahead of the cut can increase in magnitude and cause 
very localised plasticity that results in near edge displace-
ment artefacts. These displacement artefacts are commonly 
removed and surrounding data is used to interpolated or 
extrapolated to the edges of the part or coupon. Reconstruc-
tion of the data across a gap in data within the interior of 
a specimen normally works very well, as demonstrated by 
the 6-cut case, see Figs. 10(c) and 12. However, extrapo-
lation of interior data towards the edges of a specimen is 
less constrained and accurate results depend on the analyst’s 
judgement regarding the local trend and what data they think 
should be included or discarded. Figure 12(b) clearly shows 
that the magnitude of the determined compressive stress near 
the left edge of the Cx hole, where data were extrapolated, 
is significantly lower than the stresses determined by the 
other cutting strategies. The lesson here is to choose a cut-
ting strategy that avoids plastic strain accumulation near the 
region of interest, and thereby avoid subjective intervention.

The prediction of localised plasticity introduced by cutting 
the sample is of particular value in developing an optimum 
restraining and cutting approach. For the Cx coupon it was 
shown from the simulation that a near perfect contour meas-
urement of the stress distribution on the right side of the hole 
(or last cut through the hole) can be achieved using a 6-cut 
approach. Therefore the actual stress profile determined by 
the 6-cut approach in the real sample is likely to be the most 
accurate result, particularly on the right side. This lesson is 
vital for the user of the residual stress data developed by the 
contour method. In the past it has been common practice to 

average the data from the two sides of the hole. Through this 
work it has been demonstrated that accurate residual stress 
results depend on the cutting strategy and may be present on 
only one side of the hole. This must be communicated to the 
end user of this type of residual stress data to ensure that the 
most accurate residual stress data is used for predictions of 
crack growth life and continued structural integrity.

However, the experimental results indicates that in practice 
the difference between the hole-out and 6-cut approach was 
negligible. The difference between simulation and experimen-
tal results might be due to the limitations of the simulation 
work. First, the complex Cx process was simplified in the sim-
ulation by using an initial uniform expansion, whereas in prac-
tice a mandrel is pulled through the coupon which will give 
a varying residual stress field through the thickness. Beside, 
time-dependent visco-plastic behaviour of the material was 
ignored in the FE simulation. Secondly, the simulated cutting 
process does not represent the actual electro-discharge ero-
sion process. The simulated cutting process was carried out 
by simply incremental removal of a layer of elements. Any 
loss of material and deformation on the cut surface due to the 
complex EDM process except the diameter of the EDM wire 
was ignored Thirdly, the restraint applied in the FE simula-
tion is idealised as rigid whereas in practice the restrain will 
be more compliant. Nevertheless the results from this study 
show that the residual stress results for the Cx holes that were 
investigated in this work are more accurate on the side of the 
hole where the last cut was made.

Plasticity for the 6-cut case was minimised by introducing 
pilot holes and using multiple cut paths. The first cut starts 
in a region of low magnitude residual stress and terminates 
before it reaches a high stress area. The use of ligaments in 
the 6-cut case acts to reduce stress intensification at the cut 
tip. In the case of the Cx hole, the high compressive stress 
region of particular interest was deliberately cut at the end. 
The main experimental drawback of the 6-cut approach is 
the need to machine pilot holes and carry out 6 cuts instead 
of 2 cuts. Additional data processing may be required to 
interpolate across displacement data gaps and deal with 
potential misalignment of the cut faces. These factors can 
lead to higher measurement uncertainty. Designing a suit-
able cutting strategy for minimising plasticity stress error is 
not a straight-forward process. It requires prior knowledge of 
the magnitude and the shape of imposed engineered residual 
stress field and the state of the yield surface prior to the con-
tour cut. The present work has demonstrated that detailed FE 
simulation analysis can be a very effective tool in support-
ing the development of an optimum cutting sequence and 
in making correct choices of boundary conditions. Through 
optimizing these key aspects of the cutting sequence one is 
much more likely to have a successful, low error contour 
residual stress result.
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Conclusions

The SSCxTM process introduces a compressive hoop resid-
ual stresses of high magnitude around the hole. A more 
accurate distribution of residual stress along a radial line 
moving out from the Cx bore can be determined using the 
contour method with minimising error associated with CIP 
by carefully choosing contour cutting sequences. A 3D, 
non-linear FE simulation of the contour method as it would 
be performed on a Cx hole coupon was used to assess 
three different cutting sequences: edge-to-edge, hole-out, 
and 6-cut and determine which minimised plasticity stress 
errors near the Cx hole bore. The FE simulation shows that 
the location of the stress error is consistent with the loca-
tion where CIP accumulated. The predicted shape and mag-
nitudes of the stress profiles for all the cutting strategies are 
in better agreement with the initial stress prediction on the 
side of the hole where the last cut was made. It is, however, 
observed that the 6-cut approach that controls CIP gives the 
most accurate near bore stress result. In order to validate 
this hypothesis a high-quality contour measurement was 
performed. The empirical result showed that the hole-out 
cut which is experimentally simpler to implement than the 
6-cut strategy provides indistinguishable result on the latter 
cut side of the hole where there is less likelihood of CIP. 
The experimental contour residual stress results on Cx hole 
coupons using three cutting sequences support the validity 
of the 3D FE contour residual stress simulation work. 
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