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A fatigue test program was carried out with the aim to study the effect of the cold working process on
the fatigue crack propagation life. Plate specimens of 7475-T7351 aluminium alloy containing a pre-
cracked fastener hole with different edge margins have been subjected to cyclic loading of constant
amplitude. During a test, the fatigue crack length was monitored using a video-camera system; the
results permitted to establish the evolution of the crack along the bore and across the short ligament of
the specimen. Three-dimensional finite element simulation of the cold working process has been
conducted for establishing the residual stress field around the fastener hole. The residual stress

Keywords: distribution resulting from the process was then combined with the applied stress for calculating the
Fatigue-cold working crack propagation life, taking into account the edge margin effect.
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INTRODUCTION

Failure of critical structural components in service is usually
originated in the region where the local stress is relatively high
due to loading mode as well as to the presence of stress raisers.
In order to improve the fatigue strength of a fastener hole plate,
the cold working process is usually applied to the hole prior to
the fastener installation (Jost, 1992; Champoux, 1986; Rich et
al., 1977; Bernard et al., 1993). This process involves a split-
sleeve cold expansion realized by drawing a tapered mandrel
through the fastener hole in order to plastically deform the
material adjacent to the hole edge. It has, therefore, the
capability to increase the material resistance against cyclic
loading due to the characteristics of elastic plastic response of
the material under the cold expansion. The fatigue life
improvement due to cold working is attributed mainly to the
delay in the crack initiation period and to the retardation in the
crack growth rate due to the presence of residual stresses. In a
study of the cold working effect on crack initiation and crack
propagation periods, it is important to establish correctly the
residual stress field generated by the cold expansion; this stress
field is then combined to the cyclic loading for evaluating the
efficiency of the process on fatigue life improvement. This
could be done by means of 3-D finite element analysis. In the
past, most investigations on the beneficial effect of the cold
working process have been carried out using plate specimens
with a central hole (Forgues et al., 1993; Burlat, 1994). This
paper concerns only the edge margin effect on the fatigue
crack propagation characteristics of plate specimens containing
a central or an eccentric hole subjected to cold expansion
process.

*Corresponding author: Toumi, A.
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EXPERIMENTAL PROCEDURE

Material and Specimen Configuration: Specimens were
made from a 7475-T7351 aluminium alloy plate of 6.35 mm in
thickness with the axis oriented in the rolling direction of the
plate. A hole was machined in the central portion of the gauge
section, as shown in Fig. 1. The initial hole diameter was
determined in order to have a final dimension of D = 6.35 mm
after the completion of the cold working process. In addition to
the case of central hole (e/D = 2.0 where e is the distance
between the hole centre and the specimen edge), two other
values of the edge margin parameter were considered (e/D =
1.6 and 1.2). For these specimen geometries, the stress
concentration factor (K tg ) at the hole edge ranges from 3.22
(for e/D = 2) to 3.38 (for /D = 1.2) on the basis of the gross
stress (Toumi, 2003).

Cold Working Process: The hole was cold worked in
laboratory using a hand tool with a split sleeve, provided by
FTI (Fatigue Technology Inc., Seattle, Wa). The split sleeve of
0.2 mm in thickness was pre- lubricated in order to reduce the
pulling force and to protect the hole edge from damage during
the expansion process. Cold working was achieved by the
interference between the initial hole diameter (d h) and the
maximum mandrel diameter (d m), taking into account the split
sleeve thickness (t). The degree of cold working (e*) is defined
as follows:

e*(%)=(dm+2t)-dhx100dh (1)

On the basis of the experimental data obtained from previous
work (Forgues et al., 1993; Burlat, 1994; Larouche, 1995) a
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cold working degree of e* = 4.68 % was considered in the
present study.
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Static tensile properties of Al 7475-T7351 are as follows: yield strength SY =
450 MPa, modulus of elasticity E = 67.2 GPa and tangential modulus of
plasticity E' = 1.38 GPa for strains up to 4.5 %.

Figure 1. Specimen geometry used for investigating fatigue crack
propagation

After cold expansion, the bore was reamed to provide the final
specified diameter (D = 2 R = 6.35 mm); then, an artificial
corner crack of 1 mm in length was generated, by means of
EDM process, on the hole edge of the specimen entry face (see
Fig. 1) where the residual tangential stress is relatively low;
this point will be discussed later.

Fatigue Testing: The non cold-worked and cold-worked open
hole plate specimens were subjected to cyclic load at room
temperature with a sinusoidal waveform of constant amplitude,
using a MTS servo- hydraulic machine. The maximum and
minimum nominal cyclic stresses (S max and S min ) were
determined from the applied load on the basis of the gross
specimen section. The cyclic load was in tension with a stress
ratio R = 0.05 (R = S min /S max ). The loading frequency was
kept constant (5 Hz). During a fatigue test, two video-cameras
(with a magnification of a 50X) connected to an image
acquisition system were used to monitor the crack length.

EXPERIMENTAL RESULTS

During a fatigue test, it was observed that the crack length
extension rate is slightly larger along the bore than across the
surface ligament; as a consequence, the triangular shape of the
corner crack tends to become a quarter-elliptic form. In this
paper, only the data related to the crack extension along the
bore will be presented and discussed. Figure 2 shows the crack
length plotted in terms of the number of applied cycles for e/D
=2 and 1.2 (two extreme cases) for a given maximum cyclic
stress (S max = 170.8 MPa).

a) For specimens containing a non cold-worked hole
(NCW), the crack grows with a faster rate for eccentric
hole than for a central hole. For example, for extending
the crack length from the original value (1 mm) to 3
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mm, a number of 2.8x10 3 cycles is required for e/D =
1.2 in comparison to 5x10 3 cycles for /D = 2.

b) The cold working has definitely a beneficial effect on
the retardation of the crack growth. For example, for
e/D = 2 (Fig. 2a), the number of cycles required for
extending the crack length of a cold-worked hole (CW)
to 3 mm is about 8 times that of non cold-worked hole
(4x10 4 in comparison to 5x10 3 cycles). For /D = 1.2
(Fig. 2b), this ratio is slightly smaller (about 2.5).

c) As the edge margin parameter decreases from 2 to 1.2,
the crack extension rate in cold-worked hole becomes
larger; the number of applied cycles required for
extending the crack to a 3-mm length is about7x10"3
for e/D=1.2 in comparison to 4x10 4 for /D = 2.

Figure 3 shows the experimental results illustrating the edge
margin effect on the crack propagation life of a cold-worked
hole.

a) For a non cold-worked hole, the margin effect is
important and seems to be independent of the applied
stress; when the edge margin parameter is reduced from
2 to 1.2, the crack propagation life is reduced by a
factor of about 2.

b) The beneficial effect of cold working on the crack
propagation life wvaries, depending upon the edge
margin. For /D = 2, in comparison to the case of non
cold-worked hole, the crack propagation life of cold-
worked hole is larger for a low stress than for a high
stress, by a factor of about 14 at S max = 170.8 MPa
and 100 at S max = 137.8 MPa. This factor becomes
smaller when the edge margin is reduced, in particular
at a high stress level (1.6 at S max = 170.8 MPa for /D
=1.2).

Finite Element Simulation of Cold Working Process

Finite element model: A three-dimensional model was
considered for simulating the cold working process, using
ABAQUS finite element code (ABAQUS User’s manual,
2001). In this analysis, the elastic-plastic behaviour of the split
sleeve used in the actual cold working process was ignored and
the mandrel was assumed to be an axisymmetric rigid body
with an effective diameter equal to its original value increased
by twice the sleeve thickness. The meshing model is shown in
Fig. 4 for two edge margin parameters (e¢/D = 2 and 1.6). It is
composed of three-dimensional twenty seven nodded quadratic
elements with fourteen integration points per element. In the
region of high stress gradient (near the hole edge), the mesh
was refined. In addition, contact elements were introduced
between the mandrel and the plate. For simulating the presence
of the lubricated split sleeve, a friction coefficient was also
considered with a small value (0.005). The elastic-plastic
stress-strain behavior of 7475-T7351 aluminium alloy was
modelled with kinematics hardening characteristics. The
mandrel was positioned to get in touch with the entry face of
the plate and the cold working simulation was then carried out
by incrementing the mandrel motion through the hole into 13
steps. For each step, an automatic increment of the mandrel
displacement was generated and an iteration procedure in
ABAQUS code was performed.

Results from finite element analysis: Since the tangential
stress distribution is an important parameter governing the
crack extension characteristics, the following discussion is
focused on the effect of this stress.
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Figure 2. Crack length in terms of the number of applied cycles (S max =170.8 MPa)

Figure 5 shows the variation of the residual tangential
stress in terms of dimensionless radial position y/R
(where y is the distance between the point considered
and the hole edge) for three different planes of a
specimen with a central cold-worked hole: entry face,
exit face and mid-thickness. It is seen that the intensity
of the residual stress is relatively less compressive at
the entry face. In general, there is a good agreement
between the tangential stress distributions and those
found with a 2-D axisymmetric model (Poussard and
Pavier, 1995; Adler and Dupree, 1974), except for the
region very near the hole edge.

The residual tangential stress in the vicinity of the hole
edge at mid-thickness for three edge margins is
essentially the same, as shown in Fig. 6. However, for
the smallest edge margin, the core of the compressive
residual stress is relatively small and the maximum

tensile residual stress is relatively high in comparison to
the two other specimen geometries; this characteristic
has an important influence on the crack growth rate, as
discussed in the next section.

Figure 7 shows the two stress distributions at mid-
thickness of the short ligament for each edge margin:
the residual stress (already shown in Fig. 6) and the
resulting stress obtained from the superposition of the
applied stress (stress from the applied load) to the
residual stress. The main effect of the residual stress is
to reduce substantially the applied mean stress; this
would have a direct influence on the crack growth rate
of a cold-worked hole.

Fatigue propagation life calculations: Calculations were
performed for determining the fatigue crack propagation life of
hole plates by means of AFGROW program (Harter, 2003).
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The AFGFROW model included the offset of the hole and a

asiD=15 specified initial crack length. For this program, the following
- -elD=1.2 information should be specified:
£ -
E T a) The quarter-elliptic corner crack configuration; it is
3 = = == . required for determining the stress intensity factor (K 1)
5 on the basis of the residual stress on the entry face of
3 Ve the specimen and the applied cyclic stress using the
g linear superposition approach. The residual stress

intensity solution was based upon a Gaussian
integration method as the weight function technique
was not available for this particular case.

The material fracture toughness; it is used for
calculating the critical crack length corresponding to
failure.
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c) The residual stress field due to cold working applied to
the hole plate.

d) The applied maximum cyclic stress and the stress ratio
applied to the hole plate.

e) Basic data of crack growth of the material; for 7475-
T7351 aluminium alloy, the crack propagation rate
da/dN (in mm/cycle) in terms of the effective stress
intensity factor range AK eff (in MPa-m 1/2 ) has been
reported in (Zhang et al., 1987):

% = 4.67x107 (AK,, )" 2)

a4

The concept of using AK eff has been suggested in order to
account for the crack closure effect; this parameter is defined
in terms of AK I taking into account of stress ratio R = K Imin
/K Imax as follows [13]:

AK,(0.618+0.365R +0.139R*) for 0<R<08
AK = 3)
0.618 x AK, for 0<R

The calculated fatigue propagation lives for non cold-worked
hole plates are closed to the experimental results, as expected;
the calculated lives is on the conservative side, within a factor
of about 1.3, as seen in Fig.8. For cold-worked hole plates, the
AFGROW program predicts a cold working effect on the
fatigue crack growth much larger than that observed in
experimental data. In fact, the calculated lives deviate
significantly from the experimental results on the non-
conservative side, by a factor of about 17 for ¢/D = 1.2 (Fig.
8b); for e/D = 2, the AFGROW model indicates no crack
growth while the experimental fatigue life is finite (Fig. 8a).
Similar results on predicted standstill condition of crack
emanating from Al 7075-T651 cold-worked holes have also
been reported (Kolay e al., 2003). This situation is probably
due the combined effects resulting from several sources. First,
as the crack front progresses, a relaxation of the residual stress
would occur and modify the stress intensity factor. Secondly,
secondary cracks which have been observed during fatigue
tests would have actually contributed to accelerate the
propagation process. These factors have not been considered in
the numerical model for fatigue life calculations.

Conclusion

Fatigue tests on non cold-worked and cold-worked hole plates
of 7475-T7351 aluminium alloy with different edge margins
have been carried out for studying the crack propagation life.
a) For a non cold-worked hole plate, the propagation life of the
eccentric hole is reduced with respect to the central hole, as
expected. When the edge margin decreases from 2 (central
hole) to 1.2 (eccentric hole), the propagation life is reduced by
a factor of 2, independently of the applied stress. b) The results
obtained from a three-dimensional finite element analysis of
the cold working process applied to a fastener hole indicate
that the effect of edge margin on residual stress distribution is
important. A small edge margin reduces the intensity of the
residual compressive stress and raises the residual tensile
stress. This characteristic would reduce the enhancement of
fatigue propagation life associated to the central hole case.
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c¢) Calculations of fatigue propagation life for non cold-worked
and cold-worked hole plates have been carried out using
AFGROW program. For the first case, the predicted lives are
close to the experimental results, on the conservative side. For
the second case, however, the deviation of the predicted lives
is on the non-conservative side by a factor of about 17 for ¢/D
=1.2; for ¢/D = 2, the AFGROW model reported that the crack
stayed standstill while the experimental fatigue life was finite.
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