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Abstract – This paper presents an evaluation of the influence of the cold expansion process on the fatigue
performance of holes in hard alloys, as such materials are involved in an increasing number of aeronautical
applications. Fatigue enhancement could bring significant savings for numerous possible industrial applica-
tions. However, although the cold expansion of aluminium holes has been studied widely, there have been
few publications concerning this process in hard alloys and there is currently very few research activities on
technique dedicated to high strength metallic holes. Thus, this work aims to define an approach to under-
stand why processes and methodologies are suitable for obtaining effective expansion of these materials. In
this article, the response of expanded holes is studied, considering various experimental parameters and for
a wide range of expansion ratios. The influence on the fatigue strength of Ti-6Al-4V tensile specimens is
also reported for various expansion ratios, more precisely “standard” expansion ratios and high expansion
ratios. Then, a specific numerical modelling of the process is presented, which enables us to understand
the impact of high expansion ratios in titanium holes and the influence on fatigue performance. A very
good correlation between experimental and numerical results is observed.

Key words: Cold expansion process / hard alloy / fatigue performance / expansion ratio / axisymmetric
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Nomenclature

D Diameter of the hole (10−3 m)
Ie Initial expansion ratio (%)
L Length of the specimen (10−3 m)
Re Residual expansion ratio (%)
T Thickness of the specimen (10−3 m)
W Width of the specimen (10−3 m)

1 Introduction

1.1 Optimizing the use of hard metals
in aircraft structures

In the field of aeronautics, further understanding of
the behaviour of materials under complex stress fields has
become a serious challenge. It can lead to the optimization
of fatigue performance of parts and assemblies which, in
turn, can work towards a highly desirable weight reduc-
tion of the structure and thus increase the efficiency of air-
craft. This search for optimization is currently expressed

a Corresponding author: victor.achard@airbus.com

in the increasing use of high-performance materials, par-
ticularly in the primary structure. These new materials
include, in particular, the family of hard alloys, whose
physical properties often allow the best compromise to be
found between density and the characteristics needed for
the application. The hard alloy family comprises metallic
alloys with ultimate tensile strengths close to or higher
than 1000 MPa at 20 ◦C. Regarding the different justifi-
cations for the use of hard metals in the design of an air-
craft structure, optimization of the various components
is a major requirement. On the other hand, in modern
aircraft, these materials enable the integration of a large
proportion of composite materials (CFRPs) as structural
material. They ensure good galvanic and thermal dila-
tion compatibility in multi-material hybrid connections
together with good shock response of the overall struc-
ture. Finally, new engines, running at ever higher speeds
and temperatures, open up many possibilities for applica-
tions where hard metal fatigue becomes a significant prob-
lem. Ezugwu et al. [1] recall that each kilogram removed
from the total mass of a jet engine saves 150 000 USD of
fuel over the engine’s working life. Despite all the advan-
tages offered by this family of metals, the costs they gen-
erate make it necessary to optimize their use, by adapting
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Fig. 1. Biaxial stress field in the hole edge after expansion [9].

Fig. 2. Split sleeve cold expansion process, from [29].

their morphologies and therefore their characteristics ac-
cording to their loading environment, especially in the
aim of resisting fatigue. Moreover, in areas prone to fa-
tigue issues, few industrial processes exist for service life
extension of hard metals parts. Thus, there is a real need
for a cheap and efficient maintenance (or repair) solution
for these components, in order to prevent expensive but
necessary part replacement or re-design. As these alloys
are often used in areas of aircraft where accessibility is
poor, the importance of such issues is even more capital.

1.2 Improvement of fatigue performance using cold
expansion process

This study focuses on optimizing the fatigue perfor-
mance of bolted joints using hole cold expansion. Aero-
nautic structures consist of a large quantity of riveted or
bolted sub-assemblies that require the presence of fasten-
ing holes. These sections are often critical in the design
and act as major sources of stress concentration where fa-
tigue damage starts [2]. Thus, it has been observed that,

statistically, fatigue of bolted joints accounts for 50–90%
of all of the cracks sustained by an aircraft in opera-
tion [3]. Hole cold expansion involves the generation of
compressive residual stress fields induced by hardening
and modifies the kinetics and onset areas of the initial
cracks, which will later spread to a less critical region be-
neath the surface of the material [4]. The material is thus
subjected to compressive and tensile residual stresses that
are in overall equilibrium, the compressive stresses gen-
erally being balanced by a tensile field away from the
hole [5]. In order to be optimal, radial expansion of the
hole should induce circumferential stresses close to the
compressive limit at which the material yields. They thus
compensate for the mean value of future tensile fatigue
loading (Fig. 1). This process reduces the criticality of
these joints as methods involving the control of the fas-
tener preloads [6] or interference fit [7].

Among the existing processes designed to generate ex-
tensive and controllable residual stress fields at the edge
of the hole while minimizing damage to the hole sur-
face, split sleeve cold expansion (Fig. 2) remains the most
widely used in industry [8, 9].
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From a technological point of view, a split sleeve is
inserted in an initial hole in order to protect it and the
cold working is performed by pulling an oversized tapered
mandrel through the assembly. Then, the cold expanded
hole is reamed to its functional diameter. This process
greatly improves the fatigue performance of the hole. For
example, it is commonly noted that the lifespan of a hole
that has been cold expanded using the split sleeve process
is three to ten times that of an “as drilled” hole in alu-
minium alloys such as 2024 T351 [10,11]. In other words,
gains on the fatigue quality index can reach +30%. Be-
cause of the simplicity of the operations involved and the
gains observed, this process is very efficient in improving
the quality, reliability and performance of bolted joints
during their design, repair or post-production phases.
Thus, it appears interesting to evaluate the cold expan-
sion process on hard metals by observing their responses
and the potential fatigue gains that could be generated.
In the literature, few studies describe the application of
the cold expansion processes to hard metal and, because
of the very specific mechanical and metallurgical charac-
teristics of these materials, it seems impossible to make a
direct analogy with other materials.

1.3 Hole cold-expansion process for hard
alloy applications

The first studies, dating from the 1970s, by
Philips [12], Rich and Impellizzeri [13] and Sha et al. [14]
report that the cold expansion process was applied to hard
alloys and concerned almost exclusively titanium alloys.
Some interesting results can be found in the literature,
obtained on tensile specimens in “open-hole” or “filled-
hole” configurations having width-to-diameter ratios be-
tween 4 and 5. Philips [12] performed tests on hard metals
such as Ti-6Al-4V, Ti-6Al-6V-2Sn, or AISI4340 steel. He
obtained gains in fatigue performance on numerous con-
figurations, even though the number of specimens tested
was small. More precisely, fourfold gains in lifespan of
the specimens (+23% on the fatigue quality index) were
observed on Ti-6Al-4V specimens with a split sleeve ex-
pansion of 5% on a 9.52 mm hole. In the same way, Rich
and Impellizzeri [13] observed fourfold increases in the
lifespan of 6.35 mm “filled-hole” Ti-6Al-4V specimens (i.e.
specimens containing a pin with clearance fit), which were
expanded (4%) with the split sleeve process.

During the same period, a publication by Rufin [9]
reported interesting results obtained after expansion of
isolated hard metal applications, almost exclusively ti-
tanium alloys, with or without bush installation. These
studies were mainly performed on behalf of industry or
military organizations. Testing concerned very specific ar-
eas: engine parts, clevises or other specimens and sec-
tions involving high load transfer. The test cases selected
were representative of applications where the expansion
appeared to be a solution for repairing the structural de-
tail or improving its fatigue performance. However, over
this period, no precise analysis was made of the response
of hard metals subjected to expansion and only studies

of specific cases can be found, whereas generic processes
designed for the expansion of holes in aluminium alloys
were considered. In addition, it is difficult to quantify the
fatigue gains obtained in these studies as the various con-
figurations tested involved many parameters influencing
fatigue behaviour. Furthermore, scatter on the results is
large and reduces the validity of the assumptions made.
More recently, two general studies have been conducted
by Yan et al. [15] and Liu et al. [16] regarding Ti-6Al-
4V hole expansion. In addition, they observe its influence
on crack propagation rate. Again, the split sleeve pro-
cess is considered and threefold increases are observed in
the lifespan of cold expanded (4%) 6.35 mm “open-hole”
Ti-6Al-4V specimens [15].

Finally, a process where residual stresses are set up by
indentation of the surfaces has also been tested [17,18] on
tensile specimens and medical implants made of Ti-6Al-
4V. The authors observed that the lifespan of the tensile
specimens was multiplied by 4.7.

So studies concerning the expansion of hard metals
mainly come down to extensions and implementations of
processes and methodologies already used on aluminium
alloys. In addition, the influence of the thickness and the
diameter of the hole is not considered, neither is the influ-
ence of the expansion ratio. Thus, there are few quanti-
tative results available on the response of expanded hard
metal holes and there has been no research concerning
dedicated processes for expanding hard metal holes. Their
highly specific behaviour, concerning both thermal and
metallurgical issues or regarding the integrity of the sur-
faces generated, are not taken into account for the in-
stallation of residual stresses at the hole edge. Finally,
these studies concern almost exclusively Ti-6Al-4V ap-
plications. Thus, it appears interesting to generalize cold
expansion to holes in the hard alloys that are the most
widely used within aircraft structures nowadays, such as
precipitation hardening stainless steels and nickel-based
alloys.

1.4 Numerical modelling of the cold expansion
process in hard alloys

The main difficulties in studying the expansion pro-
cess in hard metals arise, first, from the behaviour of these
materials when subjected to expansion. Their static and
fatigue response appears very different from that observed
on aluminium alloys. Also, this family of materials ex-
hibits significant disparities concerning specific strength
(stress-strain up to failure) and monotonic behaviour.
For example, the mechanical properties of titanium al-
loys are highly dependent on their thermo-mechanical
loading history and initial composition and microstruc-
ture. Thus, alloys such as Ti-6Al-4V in annealed condi-
tion predominantly contain α phase (HCP) at ambient
temperature and exhibit typical anisotropic mechanical
properties, particularly tension-compression asymmetry.
Moreover, this behaviour is highly dependent on strain
ratio and temperature [19–22]. Therefore, this material
commonly reveals compressive failure stresses and strains
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that are much greater than their tensile counterparts. On
the other hand, the materials may exhibit significant kine-
matic behaviour, which appears particularly important in
titanium alloys, for example. This behaviour is attributed
to the limited number of slip systems in hexagonal close-
packed (α-phase) material at ambient temperature [23].
Thus precise characterization of the materials considered
is important in order to understand the various phenom-
ena observed and to be able to simulate them.

Numerical methods such as finite element modelling
appear to be efficient tools for predicting the response
of the material and particularly the residual fields gen-
erated, on condition that the modelling strategies are
sound. There are numerous studies concerning the split
sleeve expansion process in the literature [24, 25]. How-
ever, in the case of hard alloys, we found only two [9,15].
The modelling choices must be clearly selected in order to
simulate highly non-linear behaviours such as high plas-
tic flows and high strain rates. These issues are especially
justified by the localized phenomenon caused by the split
of the sleeve, the complexity of the intrinsic behaviours
of hard metals, the various contacts affecting the ma-
terial and the nature of the tools used for the expan-
sion. Because of the one-sidedness of the application of
the expansion, major axial loads are generated and cause
significant side effects. For all these reasons, it is well
known that residual fields in the depth of the hole are
highly non-uniform in the case of the split sleeve process.
More precisely, a decrease of the residual circumferential
stresses at the entrance side of the mandrel is commonly
observed. These areas are poorly expanded and reduce
the efficiency of the process, the least compressive areas
being the most vulnerable. While considering hard alloys,
Liu et al. [16] numerically identified relatively low circum-
ferential residual stress in the entry side of the mandrel,
of about –300 MPa and therefore far from the compres-
sive yield stress of Ti-6Al-4V. This phenomenon was also
observed by Rufin [9]. In order to overcome this prob-
lem, various experimental methods have been developed,
from SWCW (Stress Wave Cold Working) patented by
the Stress Wave Company [26] to the process designed
by Chakherlou et al. [27], which generates nearly uniform
residual fields.

The modelling choices generally associated with the
expansion processes are the use of a 3D model with an
isotropic or kinematic elasto-plastic constitutive material
law and a Von Mises yield criterion. This strategy is espe-
cially justified by the localized phenomena caused by the
presence of the split of the sleeve on the hole during ex-
pansion. However, some simplified 2D models have been
developed. Actually, it has been shown that the residual
stress field is no longer disturbed by the presence of the
split when we move slightly away from its zone of influence
along the circumference [15]. In our problem, axisymmet-
ric modelling appears sufficiently representative of phe-
nomena operating over the vast majority of expanded sec-
tions, at least those that will be the most loaded during
subsequent use. Moreover, that kind of modelling strategy
allows the dependence of simulations on various param-

eters, such as the material law, the various coefficients
involved and the geometries and expansion ratios, to be
quickly assessed.

1.5 Methodology

In the present work, the first step is to evaluate exper-
imentally the feasibility of the split sleeve expansion pro-
cess in hard alloy holes. These tests are performed in order
to highlight the specificities and response to the expansion
in various typical hard alloys, testing various configura-
tions and ranges of expansion ratios. This first charac-
terization was performed on specimens made of titanium
alloy (αβ annealed Ti-6Al-4V), martensitic stainless steel
(precipitation hardening) and nickel-based alloy (nickel
chromium corrosion-resistant superalloy). The chemical
compositions of these materials are given in the aeronau-
tical standard. These tests aim mainly to determine the
physical limits of the process, ensuring that the operating
characteristics of the hole are maintained. Afterwards, we
analyse the influence of expansion on the fatigue perfor-
mance of elementary tensile specimens. This step is harder
to implement, in term of tests conducted and machining of
the specimens. Thus, in this study we focused only on the
Ti-6Al-4V, this alloy being indeed the most used in the
aeronautical field and where the potential of industrial ap-
plication for the cold expansion is much more important.
Wohler curves of open-hole specimens are studied, consid-
ering not only “standard” expansion ratios (i.e. similar to
those used on aluminium alloys) but also high expansion
ratios. Two hole diameters, commonly used in aeronau-
tic assemblies, are studied. Then, we analyse the results
achieved via axisymmetric FE modelling of the split sleeve
process. The numerical work concerns the study of the ex-
pansion of the Ti-6Al-4V and is intended to explain some
of the results observed during the previous fatigue cam-
paign. Values and distribution of circumferential stresses
provided by the simulations allow the efficiency of the
process to be estimated considering different expansion
ratios. A parametric study regarding the hardening law
taken is presented and results are compared and corre-
lated to experimental values in order to determine what
modelling strategy is most suitable. Thus, these results
provide an understanding of whether the processes de-
signed for expansion in aluminium alloys are suitable in
terms of expansion ratios, and determine what physical
phenomena are involved. More generally, these first re-
sults provide information regarding the application of the
expansion process to hard alloys and define an approach
for understanding which processes and methodologies are
suitable for the efficient expansion of hard metals.

2 Experimental procedure: influence of cold
expansion process in hard alloy holes

2.1 Split sleeve expansion of hard alloy holes

This experimental study aimed to evaluate the be-
haviour of hard alloy specimens when they were subjected

303-page 4



V. Achard et al.: Mechanics & Industry 17, 303 (2016)

Fig. 3. A cold expanded Ti-6Al-4V 9.52 mm hole – View of the affected zone.

to expansion, to observe whether a plastic strain field
might be generated in the hole edge and if fatigue gains
were indeed observed. The aim was thus to see if expan-
sion was achieved easily in hard metals and to evaluate
potential associated risks, such as the generation of cracks
at the hole edge. From the technological point of view,
the split sleeve expansion process was chosen. This pro-
cess can, basically, be divided into six key steps. First of
all, after dimensional control of the original hole, a pre-
lubricated split sleeve is placed on the mandrel, which
is connected to the hydraulic actuator. The split sleeve
is slid along the maximum diameter of the mandrel and
positioned on the minimum diameter so that the tooling
can be inserted from one side of the hole. The angular
position of the split is then carefully adjusted to ensure
that the affected zone (extensive distortion) will not cor-
respond to the main directions of loads operating on the
treated part. In Figure 3, the bulge caused by the split
sleeve is clearly identified. Moreover, this bulge is wider
on the top face, which corresponds to the entrance face of
the mandrel. The actuator is subsequently triggered and
the mandrel is pulled through the sleeve and the hole,
performing the expansion. In the split sleeve process, the
sleeve is then removed from its housing. Here, the pre-
lubricated sleeve is useful to reduce the axial effort in-
volved in pulling the mandrel and to protect the contact
surface. Finally, the hole is reamed to its functional diam-
eter, and checked. It is then ready to receive a fastener,
for example. The theoretical expansion ratio applied (Ie)
is defined by relation (1). Here, a wide range of expansion
ratios is to be tested, high ratios being obtained by re-
ducing the initial hole diameter while keeping the tooling
diameter constant.

Ie =
∅tooling − ∅initial

∅initial
(1)

where the tooling diameter corresponds to the maximum
diameter of the mandrel and sleeve assembly, and the ini-
tial diameter is the diameter measured after initial drilling
of the specimens.

Here, holes were machined with orbital drilling in
order to reduce residual stresses generated on the sur-
face of the hole and reduce the scatter of results dur-
ing the tests. Similarly, Ti-6Al-4V specimens were heat
treated to relieve stress after milling of the external faces.
Maximal tolerance on the hole diameter was ±0.02 mm,
which ensured good accuracy of the expansion ratio actu-
ally applied. Expansion was first performed on “5 hole”
feasibility specimens, always in the plane of the sheets
(longitudinal-longitudinal/transverse orientation). These
normalized specimens had a width equal to 3 times the
nominal diameter (free-edge distance) and the distance
between 2 holes was equal to 5 nominal diameters to avoid
reciprocal influence. Various expansion ratios were tested
on two main diameters commonly used in aeronautic as-
semblies (6.35 mm and 9.52 mm) and the thickness of the
specimens was 5 mm. Two orientations of the sleeve rel-
ative to the main direction of grain flow were considered
(0◦ or 90◦), the fracture toughness of the material being
particularly different in these two directions. A specific
mandrel was designed and manufactured which, because
of its geometry and its material, allowed high expansion
ratios to be reached without excessive distortion or wear
of the tapered section.

During these tests, no cracking of the material was
observed in the microscopic inspection and Rototest non-
destructive testing (Fig. 4). The residual expansion ratio
was analysed with respect to the theoretical applied ra-
tio. The residual expansion ratio was obtained by measur-
ing the cold worked hole (residual hole) using an internal
micrometer (out of the affected zone). The residual ex-
pansion ratio (Re) was calculated for each specimen and
defined by relation (2).

Re =
∅residual − ∅initial

∅initial
(2)

Figure 5 brings data collected during the feasibility test
campaign. More precisely, it concerns the analysis of the
residual expansion ratio. The spread of results is rep-
resented for the worst case measured for each material.
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Fig. 4. Rototest control of a cold expanded hole (a), Rototest device (b), 3D Measurement machine (c).

First of all, it can be noted that the plot of the residual
expansion according to the initial expansion ratio serves
to highlight the characteristic behaviour of these metals.
These residual expansion ratios were obtained from dif-
ferent expansion levels, and each point corresponds to the
mean value obtained on 5 holes at least. These curves are
plotted only for 5 mm thick specimens. The nearly per-
fect linear correlation between these two values is signif-
icant, given that the parameters considered here during
the process (materials, configurations, contacts) are al-
most exclusively non-linear. Furthermore, the spread of
results appears very low in these tests, indicating very
good reproducibility of the process. This low spread can
be explained in particular by the precise machining of the
specimens and the tooling, and also by the fact that the
batches of material had the same origins and the rolling
orientations were controlled. Regarding the titanium alloy
Ti-6Al-4V, highly linear behaviour can be seen when the

expansion ratio increases. In addition, the slope and con-
stant terms of the curves are relatively low (lower than for
aluminium), a phenomenon explained in particular by the
low modulus (high springback) and high strength of the
material. On the other hand, the behaviour of the nickel-
based alloy appears very different from that of a titanium
alloy or a stainless steel, its residual expansion being sig-
nificantly higher than for other materials. In comparison,
for “standard” expansion ratios (3% and 4%), 2024 and
7010 aluminium alloys exhibit residual expansion ratio
between those of the steel and the nickel-based alloy. It
can thus be argued that it is necessary to impose very
high expansion ratios in titanium and steel to achieve
a sufficient level of plasticity and counterbalance elastic
feedback of the hole.

This graph also shows the independence of the expan-
sion behaviour with respect to the hole diameter. The
experimental curves obtained for 9.52 mm and 6.35 mm
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Fig. 5. Evolution of the residual expansion in hard alloy holes.

diameter holes are extremely close (titanium and nickel
based alloy). This result is very interesting and allows the
absence of scale effect to be assumed in the first instance.
These results indicate that the split sleeve process can
be successfully applied to hard alloy holes. Moreover, it
appears that these metals are able to sustain high expan-
sion ratios and that there is no apparent saturation of
the behaviour of the materials. Results suggest that the
hardening continues at the edge of the hole when expan-
sion ratio increases. The influence of these high expansion
ratios on the fatigue performance of the hole remains to
be seen, so the next section discusses the influence of high
expansion ratio on the fatigue strength. This is indicative
of the performance improvement of the area and therefore
allows the efficiency and effectiveness of the process to be
objectively quantified.

2.2 Fatigue performance of Ti-6Al-4V specimens

After noting that cold expansion using the split sleeve
process was functional on hard alloy holes, we sought
to observe the fatigue behaviour of expanded Ti-6Al-4V
specimens. After observation of the non-influence of the
hole diameter during feasibility tests, it was interesting
to check whether fatigue followed the same trends. Thus
we tested conventional “standard” ratios (i.e. those ap-
plied during expansion for aluminium) and higher ratios,
which were expected to be well tolerated by the material.
“Open-hole” T-Type elementary fatigue specimens were
manufactured and expanded. The objective was to assess
the influence of the cold expansion and also the influence
of the expansion ratio. The specimens tested in fatigue
were 5 mm thick and drilled to their initial expansion
diameter with a maximum tolerance of ±0.02 mm. The

Fig. 6. Overall geometry of fatigue specimens (all dimensions
in mm).

general geometry of the fatigue specimens is presented in
Figure 6. These normalized specimens had a width equal
to 3 times the nominal diameter, 6.35 mm and 9.52 mm
in our case. The complete length of the specimens was
200 mm. They exhibited a stress intensity factor close to
2.3 in the net section (gross section minus hole area), en-
suring that the hole edge would be the place of onset of
cracking and thus the weak point of the specimens.

The overall average surface roughness of a specimen
(hole and outer surfaces) was less than 1.6 μm to avoid
potential locations of crack onset in other places. In order
to decrease the scatter on test results, specimens were first
treated to relieve stress and holes were then machined
by orbital drilling. Specimens were first expanded to the
theoretical ratio, then reamed (orbitally) and chamfered
to their nominal diameters. Again, maximum tolerance
on hole diameters was ±0.02 mm (Fig. 7).

Fatigue tests were performed by using a sinusoidal
wave of a tensile-tensile load spectrum (R = 0.1), with a
frequency of 10 Hz and for various stress levels, to obtain
Wohler curves. These stress levels correspond to the aver-
age theoretical longitudinal stress in the net section of the
specimen (gross section minus hole area) that is reached
for the maximum load applied during a fatigue cycle. The
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Fig. 7. A cold expanded Ti-6Al-4V 6.35 mm hole after ream-
ing.

curves (Fig. 8) show the logarithmic trend lines of Wohler
curves plotted for baseline specimens “as drilled” and for
2 different expansion ratios, each curve being obtained
from the test results of 8 specimens. These curves are
plotted with 50% reliability on the number of cycles sus-
tained until failure of the specimens (as many specimens
on the left as on the right of the curve). In the aeronau-
tical industry, the fatigue performance of a structure is
often evaluated by determination of its fatigue quality in-
dex, which corresponds to the stress associated with a
forecast fatigue life of 105 cycles. In the following graphs
(Fig. 8), the stress levels are normalized by the fatigue
quality index of the baseline (without expansion). Nor-
malization allows to quickly see the benefits in terms of
stress that can be sustained by the structure.

The fatigue quality index is computed using indus-
trial software that generates an interpolation Wohler law
(50% reliability) from the experimental results. We can
see that the improvement in fatigue performance is veri-
fied for “standard” expansion ratios and is enhanced with
higher ratios. These results were verified on both 6.35 mm
and 9.52 mm holes. For 6.35 mm holes, the fatigue qual-
ity index was 17% higher using the “standard” expansion
ratio and 27% higher using high expansion ratios. For
9.52 mm holes, the fatigue quality index was 15% higher
using “standard” expansion ratio and 30% higher using
high expansion ratios. The fatigue life ratios were close to
3:1 at least for the “standard” ratio and to 6:1 for high
ratios. Improvements were in the range of those found in
the literature review (Sect. 1.2).

Moreover, we can observe that the influence of the
high expansion ratios is even more notable for the low
number of loading cycles (<200 000 cycles). Thus, the
gains in terms of failure stress are doubled in this range
of cycles compared with lower expansions ratios. This as-
pect is particularly interesting because the aircraft com-
ponents are usually designed for this range of load cycles.

Fig. 8. Fatigue tests of Ti-6Al-4V expanded “open-hole” spec-
imens.

On the other hand, we can see that for both expansion
ratios, gains on fatigue limits are similar.

Regarding the failure modes (Fig. 9), large majority
of specimens failed in the net section (i.e. the lower sec-
tion that contains the hole). Crack initiation occurs from
the edges of the hole and propagates in the net section.
Beyond this propagation region, we notice static failure
(Fig. 9a). This failure mode is observed for both expanded
and non-expanded specimens. On the other hand, another
failure mode may be observed for high expansion ratios
and for high numbers of cycles (>300 000 cycles). It is
characterized by an initiation that occurs deep below the
surface, with an offset distance from the original critical
cracking plane (Fig. 9b). This failure mode indicates the
change in position of the maximal stress concentration,
initially located in the hole edge. Generalized failure of
the coupons then occurs on the side or not of the defect
generated by the split sleeve (Fig. 9c).
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Fig. 9. Overview of the failure patterns observed after fatigue of cold expanded 9.52 mm Ti-6Al-4V T-type specimens: net-
section failure (a), “offset” failure, split sleeve at 0◦ (b), “offset” failure, split sleeve at 180◦ (c).

In order to understand these improvements in fatigue
performance and the influence of the use of a higher ex-
pansion ratio, a numerical model was developed to de-
termine the response of Ti-6Al-4V subjected to several
expansion ratios.

3 Axisymmetric FE modelling of the split
sleeve expansion process in hard alloys

3.1 Model definition

This section reports the results obtained through FE
modelling of the split sleeve process in hard alloy holes
and, more precisely, in the case of a Ti-6Al-4V in αβ an-
nealed condition. Axisymmetric modelling was chosen for
the reasons given in Section 1.3, in order to obtain a fast,
polyvalent model that allowed numerous geometries and
expansion ratios to be considered and, later, various ma-
terials. The model presented in Figure 10 was established
using the commercial program ABAQUS 6.12 and the re-
sults were obtained using the ABAQUS Standard implicit
solver.

The geometries, loading environment and boundary
conditions were finely selected for each main step of the
expansion process. Expansion (pulling of the mandrel
through the hole) was followed by the removal of the
sleeve from the specimen, which was then reamed to the
nominal functional diameter by removal of a calibrated
set of elements in the hole edge. However, the removal
of elements followed the initial mesh (before expansion)
and thus did not correspond to actual “straight” drilling.
This assumption was quite sufficient in this case, in view
of the very small radial deformation along the hole sur-
face. Finally, a relaxation step was included to reach the
final equilibrium of the part (Fig. 11). This reaming sim-
ulation remains simplified considering the complexity of
the phenomena involved in reality, where there are prob-
lems associated with machining, such as integrity of the

Fig. 10. Axisymmetric modelling of split sleeve expansion
process.

surface generated, the displacement of the cutting tool
or the heat generated and its possible influence on stress
relaxation. Nevertheless, this strategy provided valuable
information about the re-distribution of stress fields due
to the removal of the contact zones between the expansion
tooling and the part.

The geometry was chosen according to those used
during the experimental fatigue study (Sect. 2.1), but
only the 9.52 mm standard nominal diameters were stud-
ied. The model was thus composed of the net critical
transverse sections of the tensile specimens presented in
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Fig. 11. Axisymmetric modelling of split sleeve expansion process: overview of residual circumferential stress fields, >1000 MPa
(black), <700 MPa (grey). Reaming of the part (top) and relaxation/redistribution of residual fields (bottom).

Figure 8 and the expansion was performed by a tapered
mandrel and a sleeve. Reaction to the axial loads gener-
ated during the expansion was obtained by axial locking
of the jaw in order to be representative of the actual load-
ing environment. Contact modelling between parts was
selected with a penalty friction formulation and consider-
ing a hard contact. Friction coefficients ranged from 0.05
to 0.1 in the light of the materials in contact, the excellent
surface integrity of the different parts and the high lubri-
cation during the process. Meshing of the part and the
sleeve was performed using quadrilateral 4-node bilinear
elements including full integration (CAX8). Meshing of
the mandrel and the jaw was performed using quadrilat-
eral 4-node linear elements including reduced integration.
The minimal size of the elements was 8 × 10−3 mm close
to the hole edge and reached 0.9 mm away from the edge.
A parametric study determined the maximal size of the
mesh that allowed good contact and no interference be-
tween the components at the corners (Fig. 10). A first
assumption was made concerning the modelling of the
sleeve. It was considered as an axisymmetric part whereas,
in real conditions, the split allows slight opening of the
sleeve, which may significantly reduce the hoop stresses
within its section (Fig. 3). In practice, if a full sleeve is
considered (i.e. without split), the sleeve is fully expanded
and axial loads become excessive. The consequence is that
the sleeve is caught by the mandrel, tends to slide on
the jaw and exit from the hole surface. The modelling
is then non-representative and includes excessive plastic

flows. Convergence of the computation is then impossible.
In order to overcome this problem, two assumptions were
made. First, the sleeve was considered as a full axisym-
metric part and the friction coefficient between the man-
drel and the inner surface of the sleeve was reduced signif-
icantly. In this case, a 0.005 friction coefficient was chosen
and the axial load transferred to the sleeve remained ac-
ceptable, simulating reasonable behaviour. We called this
modelling choice “full sleeve”. The other assumption was
that the sleeve was an axisymmetric part with very low
circumferential stiffness. This solution was intended to re-
duce axial load by easy expansion of the sleeve. The main
advantage was to maintain a representative friction co-
efficient between the sleeve and the mandrel. We called
this modelling choice “simulated split sleeve”. In prac-
tice, this solution involved a friction coefficient of 0.025
and circumferential stiffness was divided by 1000 (arbi-
trary). A comparative study was performed concerning
the influence of each assumption. Using these methodolo-
gies, computation times ranged between 1 h and 1.5 h on
4 CPUs.

Regarding the material model used, various solutions
were compared. The goal was to determine which was
most suitable to study the behaviour of the Ti-6Al-4V un-
der complex triaxial stress when high plastic strains were
involved. One of the main questions was how to account
for the subsequent tension-compression of the material
during expansion. On the one hand, this type of load-
ing tends to involve kinematic issues and, on the other
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Fig. 12. Representation of material law: kinematic, isotropic and asymmetric hardening.

hand, it appears very important to be able to account
for the different behaviours that may exist under tension
and compression of the material. We have seen (Sect. 1.3)
that (α + β) Titanium alloys may exhibit specificities
regarding these two issues and a parametric study was
performed regarding the hardening law to be considered.
Its results were compared to experimental results in or-
der to choose the right one for our study. Three material
laws were tested (Fig. 12): first, a standard linear kine-
matic hardening law (one hardening slope) and, second,
a pre-implemented anisotropic elasto-plastic law taking
the tension-compression asymmetry of this alloy into ac-
count via the definition of two separate hardening laws,
by linearization of the plastic behaviour between discrete
values. All values were derived from characterization data
obtained from quasi-static tests on Ti-6Al-4V αβ speci-
mens. These laws were finally compared with a multi-
linear isotropic hardening law. The material of the sleeve
was martensitic steel with isotropic hardening, while the
mandrel and jaws were simulated as elastic linear steel
parts.

3.2 Numerical results: identification of circumferential
stress fields caused by cold expansion

The results presented mainly concern the study of the
circumferential stress, from the hole edge with regard to
width of the plate at three different locations of the thick-
ness of the specimens after split sleeve cold expansion. In
order to sum up the observations, results taken from a
simulation of “standard” expansion (4%) and high ex-
pansion ratios (8%) will be compared with our feasibility
results to try to extract information regarding the associ-
ated fatigue performance. Because of its predominance in
the onset and propagation of cracks in the hole section,
only the circumferential stress will be analysed in this
paper. Stresses are plotted over 3 paths corresponding to
the face where the mandrel enters, the midsection of the
specimen and the face where the mandrel exits. For the

Fig. 13. Circumferential stress fields in entrance, mid and exit
sections after expansion (a) and after expansion and ream-
ing (b).

entrance and exit sections, paths are chosen at the first
row of elements under the free surface to overcome some
singularities existing near the hole surface.

First of all, Figure 13a allows the circumferential resid-
ual fields generated after cold expansion to be compared
and Figure 13b shows these fields after cold expansion
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Fig. 14. Definition of the “Volcano Effect”: Comparison between numerical and experimental results.

followed by a reaming to the functional diameter. These
results were taken from simulation using kinematic hard-
ening and the assumption of a full sleeve and reduction
of the friction coefficient. We find the well-known phe-
nomenon of the reduced compressive stresses at the en-
trance side of the mandrel. In our case, we were able to
isolate and explain this phenomenon by the axial displace-
ment of the material at the side where the mandrel en-
tered and its “pushing away” preventing its radial expan-
sion. At the mandrel entrance, the elements of the part
are less constrained axially, much less than in the other
sections (elements almost in plane stress state). On the
other hand, it appears that this effect could be worsened
because the sleeve is poorly maintained at the entrance of
the hole and opens sharply although the mandrel pene-
trates into the hole. Figure 3 shows that the entrance face
exhibits a larger area affected by the split of the sleeve
(bulge). This means that this area concentrates most of
the circumferential elongation, which may reduce the effi-
ciency of the radial expansion of the overall material away
from this area. Finally, we note that, in the mandrel en-
trance and exit sections, the compressive fields are more
extensive than in the midsection (compressive boundary
is 3.4 mm instead of 2.4 mm).

In Figure 13a, we can see that high expansion ratios
result in an increase in the extent of the compressive fields
at the hole edge. In the mandrel entrance and exit sec-
tions, the compressive boundary is pushed back by 1 mm
to 1.5 mm. In the median section, this boundary is pushed
back 0.7 mm. Moreover, it is interesting to note that in-
creasing the expansion ratio does not lead to greater in-
tensities of the compressive peaks. Thus, for both 4% and
8%, there is a compressive peak close to –1075 MPa at
the mandrel exit in the midsection. At the entrance, the
peak is slightly more compressive (–70 MPa) for an ex-
pansion ratio of 8%. Thus, only the width of the com-
pressive peak becomes greater as the ratio increases. Fur-
thermore, in the hole edge, the stress is less compressive,
with a ratio of 8%. It should also be noted that significant

tensile stresses are generated away from the hole in order
to achieve static equilibrium of the section. These stresses
are doubled for an 8% expansion and may lead to crack
initiation.

A characteristic of the split sleeve process is the gen-
eration of an out-of-plane residual deformation in the
perimeter of the hole. This effect is usually called the
“Volcano Effect” (Fig. 14). We know that this deforma-
tion can be very prejudicial for the behaviour of an assem-
bly, the offset of material being responsible for significant
fretting between the clamped plates [28]. It is, therefore,
a phenomenon we want to minimize. The volcano was ob-
served using our modelling strategy and a significant axial
residual displacement was measured for 4% (0.079 mm)
and 8% (0.14 mm). Experimentally, we measured these
volcanoes with a profile measurement machine (Fig. 14).
We measured 0.067 mm for 4% expansion and 0.121 mm
for 8%. However, this method leads to uncertainty of the
order of ±0.02 mm, which comes primarily from the point
and reference of the measure. Moreover, in Figure 15, the
classical “inverted barrel” shape of the hole section can
be observed, a consequence of the axial loading occur-
ring due to the mandrel displacement. This deformation
is thus amplified for high expansion ratios.

The influence of reaming was then evaluated
(Fig. 13b). Reaming was simulated by deleting several
rows of elements close the surface of the hole (the reaming
layer is shown in Fig. 10). Then a static step of relaxation
was performed so that the part was in static equilibrium.
In general, the deletion of the reaming layer induced dis-
appearance of the zero circumferential stress at the edge
of the hole. We note that the reaming induced homoge-
nization of the stress along the section. Stress peak inten-
sities were closer at the edge of the hole, especially at the
mandrel entrance position, where the stress became more
compressive (about –150 MPa). The volcano measured
0.068 mm for 4% expansion and 0.12 mm for 8% expan-
sion. It was, however, noticed that the reaming induced
a significant relaxation of the axial compressive residual
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Fig. 15. Residual profile (radial deformation) of the hole along
its thickness after cold expansion.

Fig. 16. Influence of sleeve modelling strategy.

stresses generated during the displacement of the man-
drel (existing mainly in the deformed reaming layer). Nu-
merically, this relaxation tended to increase the volcano,
which is why values remained significant after reaming of
the specimens. Specimens used for the experimental study
were chamfered on both sides of the hole (0.4× 45◦). The
chamfer significantly reduced the volcano effect at the
entrance and exit of the mandrel. Numerically, with an
equivalent chamfer, the volcanoes measured were 0.25 mm
for 4% expansion and 0.6 mm for 8% expansion.

A further simulation validated the assumptions chosen
for the simulation of the process. First of all, the influ-
ence of the sleeve modelling strategy was considered. The
results shown in Figure 16 are taken from simulations
using asymmetric hardening. We can see that the sleeve
modelling strategy has little influence on the associated
residual fields after expansion and both strategies give
nearly identical stress fields, except at the entrance face
where the use of a “simulated split sleeve” induces a slight
decrease in stress intensity. However, visual deformation
of the sleeve tends to validate the assumption of a “full

Fig. 17. Identification of the expansion boundary in the sleeve
section: experimental (a) – Numerical (b) after high expansion
ratio.

sleeve” and low friction coefficient between the mandrel
and the sleeve. Significant hardening of the real sleeve
during expansion was well simulated using this strategy
(Fig. 17).

3.3 Influence of the hardening law on residual fields
and experimental correlation

The next results presented allow the residual field and
deformation generated during cold expansion to be com-
pared for various hardening laws. As described in Sec-
tion 3.1, the laws considered for the material included
kinematic, isotropic and asymmetric hardening. The re-
sults show that, for standard and high expansion ratios,
the choice of a hardening law is very important and
has considerable influence on residual stress fields. Fig-
ures 18a–18c plot the residual fields generated after 8%
of cold expansion considering the three hardening laws. It
appears that, in this range of expansion ratios, the value
of the compressive peak is highly dependent on the law
chosen for the material. Thus, if we use a law sensitive to
the decrease in yield strength after bidirectional harden-
ing, we can see a decrease of the intensity of the compres-
sive peak. In contrast, the use of an anisotropic harden-
ing law, which considers the high compressive properties
of the Ti-6Al-4V, shows an increase of the intensity of
the compressive peak. However, we can see that there is
no change in the general trends relating to the residual
fields generated and, in particular, there is no change in
the compressive boundaries in the entrance, exit and mid
sections. As long as we find means of measuring the value
of the compressive peak precisely, we have the ability to
refine these elasto-plastic laws in order to obtain a reli-
able model for predicting the stress distribution in the
expanded section of hard alloys.

In order to validate the choice of a hardening law for
our study, the numerical and experimental dimensional
results obtained after expansion were compared. First of
all, the values obtained by measuring the volcano height
were compared. As seen in Section 3.2, they were very
close numerically and experimentally: whatever the ma-
terial law used, the height was within ±0.02 mm of the
experimental value measured. However, it was not pos-
sible to compare and justify one material law with re-
spect to another because the scatter observed experimen-
tally was also in the ±0.02 mm range. For this reason,
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Fig. 18. Evolution of circumferential residual fields in en-
trance section (a), midsection (b) and exit section (c) accord-
ing to the diverse hardening laws.

we chose to compare the values obtained from the mea-
sured residual expansion ratio (before reaming) as these
very specific results, presented in Section 2.1, showed very
little spread and could be compared to the numerical di-
mension measured as shown in Figure 15 (dimensions R1
and R2). Thus, a very good correlation of these variables
can be observed in Figures 19a and 19b for two material
laws. In fact, our model was able to predict the resid-
ual expansion, which is highly related to the hardening
model, with great accuracy. Thus, using the isotropic and

kinematic hardening laws, we could predict the residual
expansion with an accuracy within the experimental dis-
persion. Moreover, the values obtained were extremely
close to the average values of the experimental tests. Only
the anisotropic hardening law was unable to predict the
value of the residual expansion successfully. Thus, by com-
paring the results for the two expansion levels tested,
we obtained a percentage of error lower than 3.8% for
a 4% expansion. At 8% expansion, this error was lower
than 2%.

4 Conclusion and discussion

The present study focused on the assessment and un-
derstanding of the cold expansion process for holes in hard
alloys. These results provide the first information regard-
ing the application of the expansion process to hard alloys
and should help to define an approach for understanding
which processes and methodologies are suitable for the
efficient expansion of hard metals. The main observations
and conclusions are:

– The split sleeve cold expansion tooling is functional
on hard alloy holes. Moreover, titanium alloys, nickel-
based alloys and martensitic steels can sustain high
expansion ratios (up to 8%). In this expansion range,
residual expansion ratio grows linearly with the theo-
retical expansion ratio. Each alloy exhibits highly spe-
cific behaviour, e.g. large springback. On titanium and
nickel-based alloys the absence of scale effect could be
observed for 6.35 mm and 9.52 mm diameter holes.

– Fatigue tests on open-hole specimens showed that im-
proved fatigue performance was observed using the
split sleeve cold expansion process. Two expansion ra-
tios were considered, a “standard” expansion ratio and
a high expansion ratio. On two hole diameters, greater
gains were observed with high expansion ratios. Par-
ticularly, gains are even more notable for low number
of loading cycles (<200 000 cycles). Different failure
modes were observed. The large majority of specimens
showed failure in the net section. However, we also ob-
served “offset” failure modes.

– Axisymmetric FE modelling was developed in order
to simulate the different steps of the split sleeve pro-
cess and explain some of the experimental results. The
aim was to understand what phenomena were involved
after the application of a high expansion ratio in com-
parison with a “standard” ratio.

– The circumferential stress was analysed on a “stan-
dard” expansion ratio of 4% and a high expansion
ratio of 8%. Results show that intense, extensive com-
pressive fields were generated after cold expansion. For
both “standard” and high ratios, we found the well-
known phenomenon of lower compressive stresses at
the entrance side of the mandrel. In our case, an ex-
planation of this phenomenon could be proposed. In
contrast, we noted that the compressive fields were
more extensive in the mandrel entrance and exit sec-
tions than in midsection.
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Fig. 19. Analysis of the residual expansion ratio: correlation between experimental and numerical results for 4% expansion
ratio (a) and 8% expansion ratio (b).

– Simulations showed that high expansion ratios re-
sulted in an increase of the extent of the compres-
sive fields at the hole edge. Over the thickness of the
hole, the compressive boundaries were pushed back.
Moreover, it is interesting to note that increasing the
expansion ratio did not achieve greater intensities of
the compressive peaks located close to the hole edge
but it must be observed that significant tensile stresses
were generated away from the hole in order to achieve
static equilibrium of the section. These stresses were
doubled for the high expansion ratio and could in-
volve crack initiation. The results also show that high
expansion ratios tended to increase the volcano effect
at the exit of the mandrel and the “inverted barrel”
shape of the hole.

– The influence of reaming the hole after cold expansion
was evaluated. In general, the deletion of the reaming
layer led to the disappearance of the zero circumfer-
ential stress at the edge of the hole. Moreover, the
reaming caused homogenization of the circumferential
stress along the section.

– Three different hardening (kinematic, isotropic and
asymmetric) laws were considered in order to faith-
fully simulate several specific behaviours of (α + β)
titanium alloys. The choice of a hardening law has a
great impact on the value of the compressive peak,
but not on the location of the compressive boundary
within the part.

– Experimental and numerical comparisons were made.
Good agreement of the results was observed when

analysing the volcano height. The model predicted the
measured residual expansion ratio for “standard” and
high expansion ratios very precisely (<3.8%). Thus,
this model is able to provide high accuracy results as
long as it is possible to determine the intensity of the
compressive peak experiments for calibration. These
results could thus be implemented in such models for
fatigue life or crack propagation prediction around
cold expanded holes.

This study has especially helped to isolate the role and
the importance of a high expansion ratio on the fatigue
strength of hard alloys. Seeing the numerical results ob-
tained, it is possible to state that the improvement of the
fatigue strength observed experimentally with high ex-
pansion ratios is presumably due to the extension of the
compressive area (compressive boundary within the sec-
tion). Presumably, a wider compressive area may have two
actions on the fatigue life. We can first assume that this
larger area is responsible for a stronger deviation of the
stress flows at the hole edge during subsequent external
loading. Thus, this deviation induces very efficient “isola-
tion” of the critical area. Moreover, we can assume that
this larger compressive area is responsible for a significant
slowdown of the growth rate of fatigue cracks (significant
decrease in Kic at the crack tip). So, if this area is more
extensive, its influence on the large propagating cracks
is greater. In fact, the improvement observed in fatigue
performance with high expansion ratios is probably a con-
sequence of both actions.
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