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Abstract. Cold expansion of fastener/rivet holes is a common way to generate beneficial
compressive residual stress around the fastener hole. In this study, cold expansion process was
simulated by finite-element method in order to determine the residual stress field around two
cold expanded holes by varying the plate thickness and expansion ratio of the hole. The model
was developed in ANSYS and assigned to aluminium alloy 7475-T61 material model. The
results showed that the residual stress become more compressive as the plate thickness is
increased up to #/d = 2.6 and decreased for further level of thickness. In addition, the residual
stress at the edge of the hole become more compressive as the expansion ratio is increased up
to 4.5% and decreased for further level of expansion. This study also found that the residual
stresses near the entrance and the exit face of the plate are less compressive than the residual
stresses on the mid-thickness of the plate.

1. Introduction

Variety of techniques has been developed to enhance the fatigue life of fastener or riveted structural
joints used in aircraft industry. These type of joints are widely used since most of the joints are
connected by rivets or bolts through the fastener holes that exist on the aircraft structure. This type of
joint will help the parts to be assembled and disassembled easily. However, these holes on the
structure experience tensile stresses on the surface which subsequently will lead to fatigue failure. In
order to increase the fatigue life of the material, cold expansion of rivet/fastener holes has been used
for over four decades in the aircraft industry and it is very efficient approach to extend the fatigue life
of the aircraft structure [1-3]. Today, two common cold expansion methods employed are roller
burnishing technique and split-sleeve method.

Roller burnishing technique consists of a tapered mandrel and pin roller bearing held in a cage. The
tapered mandrel is inserted into the hole and it is pulled through the roller bearing cage which will
induce the compressive residual stress around the hole [4]. However, the split sleeve cold expansion
method, in which a tapered mandrel fitted with lubricated split sleeve is pulled through a hole, is
considered as the most effective way in creating beneficial compressive residual stress around
expanded holes since compressive residual stress remains tangential to the hole edge as the mandrel is
being removed from the hole [4]. The development of compressive residual stress around the holes
due to the plastic deformation of the material enhances the fatigue life of fastener joints since the
initiation of fatigue cracks at the stress concentration region is delayed. The role of split sleeve is to
ensure the correct radial expansion of the hole and prevent damage to the hole by avoiding the direct
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contact between the sliding mandrel and the hole. Figure 1 shows the schematic diagram of the split
sleeve cold expansion method.

Residual stress is the stress that exists in a body due to many conditions such as material properties,
expansion ratio, thickness of the material, size of the hole and others. Odzemir and Herman [4]
indicated that the compressive residual hoop stresses became increasingly compressive as the plate
thickness increases for a given degree of expansion. The same goes to the research done by Nigrelli
and Pasta [6] where the results showed that the hoop residual stress increased as the plate thickness
was increased from 3 mm to 10 mm. In this research, the residual stress induced by split-sleeve cold-
expansion process was simulated using finite element analysis. Gopalakrishna et al. [7] have proved
that residual stress increases with the increase of expansion ratio until 5% and then decreased for 6%
expansion. Rahman Seifi [8] applied cold expansion process to a plate made from elastic-perfectly
plastic material. Residual stresses distributions were obtained by analytical and numerical method
(using FEA method). The results showed that the stresses due to external loading were influenced by
residual stresses. The maximum stresses found in the plate were observed to have been reduced by
about 46%.

Most of the research done previously only focused on one factor at a time that can affect the
residual stress distribution. However, in this work two factors that affect residual stress distribution,
namely the expansion ratio and plate thickness were considered. This study is related to the previous
work done by Karuppanan et al. [9] where the thickness and the centre distance between the holes
were varied. They proved that the compressive residual stresses increased as the plate thickness
increased. They also found that the residual stresses at the entrance face and the exit face were less
compressive than the residual stresses at the mid-thickness of the plate.

In this study, the expansion ratio of the plate were varied from 1% to 6% and the diameter of the
hole was kept constant with the centre distance between holes (c/d) ratio was fixed at 2. In addition,
the thickness was varied according to the ratio between the thickness and the hole diameter (t/d) of 1,
2 and 3. Aluminium alloy 7475-T61 was used as the material for the model developed using ANSYS.
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Figure 1. The schematic of the split sleeve cold expansion process [5].

2. Methodology

Figure 2 shows the plate model considered in this study. It consists of a plate containing two holes
each with diameter, d = 5 mm with a centre distance between the holes, ¢ = 10 mm. The dimensions of
the plate were: width w = 50 mm, height # = 50 mm, and thickness over diameter ratio #d =1, 2 and 3.
The expansion ratio of 1% to 6% was considered.
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Figure 2. Dimension of the model.

However, only one quarter of the plate was modelled for the analysis since simultaneous hole
expansion was considered. Figure 3 shows one quarter of the plate which was modelled in ANSYS
where the stresses were measured from point B to point 4. The dimensions used were: width w = 25
mm, height # = 25 mm and hole diameter d = 5 mm, as shown in Figure 3. Based on the research done
by Papanikos and Meguid [1], the simultaneous expansion will result in higher compressive residual
stresses compared with sequential expansion where half of the plate is modelled.
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Figure 3. One quarter of the plate

Table 1 shows the material properties used in the model. These data were required to define the
material in ANSYS.

Table 1. Mechanical properties of 7475-T61 Aluminium alloy [10].

Mechanical Properties Unit
Yield Strength, o, 490 MPa
\UItimate Tensile Strength, cyrs 565 MPa
Modulus of Elasticity, E 70.3 GPa
Poisson’s Ratio, v 0.33

Figure 4 shows the stress versus strain curve for Aluminium 7475-T61 alloy. This curve is required to
define the elastic and inelastic properties of this material.
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Figure 4. Stress versus strain curve for Aluminium 7475 alloy [5].

The element type considered for the model created in ANSYS was SOLID185. This type of
element has plasticity, creep, stress stiffening, large deflection and large strain capabilities. Figure 5
shows the meshed model with fixed and symmetric boundary conditions. The symmetric boundary
conditions were imposed on the side surfaces along the edges AB, CD, and AF as shown in Figure 5.
Side surfaces along edges DE and EF were considered as the fixed boundary condition. The inner
surface of the hole was then subjected to incremental pressure loading since the tapered mandrel was
considered in this study.
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Figure 5. Meshed model with fixed and symmetric boundary
conditions.

3. Results and Discussion

3.1. Validation

The experimental result from the study by Odzemir and Hermann [4] was used for the validation.
Odzemir and Hermann [4] used 5 mm thick Aluminium 7050-T76 alloy plate with the size of 300 x 40
mm in their experiment. A hole was drilled at the centre of the plate and the hole was expanded using
Fatigue Technology Incorporation (FTI) method with the different percentage of expansion, 2%, 4%
and 6%. For validation, a quarter of the model was considered for modelling in ANSYS. Using this
model, the stress distribution in x-axis and y-axis can be analysed at the edge of the model by plotting
the results of the nodes. Figure 6 shows the model of the plate for validation which was developed in
ANSYS.
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Figure 6. The 3D model of the plate for validation which was
developed in ANSYS.

Experimental study done by Odzemir and Hermann showed that, 4% FTI expansion results the
most compressive residual hoop stress compared with 2% and 6 % FTI expansion. The same goes to
the finite element analysis done by the authors, where 4% expansion showed the most compressive
residual stress compared with 2% and 6% expansion.

=]

8

§

Experimental Result by
Odzemir & Hermann

Residual Hoop Stress (MPa)
P W
3 3

8

——Finite element analysis

8

Distance from the hole (mm)

Figure 7. Comparison of residual stress developed in Aluminium
7050 T76 at 4% expansion using finite element analysis and
experiment done by Odzemir & Hermann.

Figure 7 shows the comparison of residual stress results in 5 mm thickness Aluminium 7050-T76 at
4% expansion between finite element analysis and experiment conducted by Odzemir and Hermann.
Based on the graphs, the residual stress developed at the edge of the hole using finite element analysis
was slightly higher compared with the residual stress at the edge of the hole developed in experiment
conducted by Odzemir and Hermann. In experiment done by Odzemir and Hermann, the lower value
of compressive residual stress at the edge of the hole in that experiment was caused by the shear stress
and frictional force due to the axial movement of the mandrel. In finite element analysis, the value of
shear stress and frictional force were neglected since the lubricated split sleeve was considered in this
study. Nigrelli and Pasta [6] stated that the low residual stress may be caused by the shear stress from
the axial movement of the mandrel. This is the reason why the compressive residual stress at the edge
of the hole in experiment done by Odzemir and Hermann was lower compared with the residual stress
at the edge of the hole developed in finite element analysis done by the authors. However, the highest
values of compressive residual stress developed by these two methods were almost the same which
was about -500 MPa and the shape of the graphs was almost the same after this value. Therefore, the
finite element analysis done was considered valid and this method of analysis can be used for this
study.
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3.2. Finite Element Analysis

In order to investigate the effect of thickness and expansion ratio on the residual stress distribution,
finite element modelling was executed. The t/d ratios of 1, 2 and 3 were considered. Figure 8 shows
the model of the 3-D finite element modelling using ANSYS with 4% cold expansion ratio for t/d = 2.
The expansion ratios were varied from 1% up to 6% for each plate thickness.
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Figure 8. Model for t/d = 2 with expansion ratio = 4%.

3.2.1. Effect of plate thickness on residual stress. Odzemir and Hermann [4] noticed that the change in
plate thickness can result in different values of residual stress around the cold expanded hole.
Therefore, this effect has been investigated by evaluating the residual stress near the expanded hole for
three different values of plate thickness. Residual stress in Y-direction was considered in this study
and this stress is known as the tangential residual stress. The tangential residual stress is relevant in
this study because the compressive residual stresses remain tangential to the hole edge as the mandrel
is removed from the hole after the application of the load. The value of tangential residual stress is
also higher compared with radial residual stress. These residual stresses were analysed on the surface
of the plate starting from point B to point A as shown in the Figure 3. It is important to know the
residual stress behaviour on the surface of the plate because the fatigue process initiates the crack at
the surface of the plate due to excessive load. Figure 9 shows the stress behaviour around the
expanded hole due to the different t/d for a fixed expansion ratio.
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Figure 9. Residual stresses graph versus distance from the hole for
4% expansion ratio.
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Based on the graphs shown in Figure 9, we can observe that the residual stress becoming more
compressive for t/d = 2 as compared with t/d =1 and become less compressive for t/d = 3. From here,
different plate thickness between t/d = 2 and t/d = 3 was used to find the optimum thickness to induce
high compressive residual stress. t/d = 2.6 showed the highest compressive residual stress as the plate
thickness was varied between t/d = 2 and t/d = 3. From the graphs, the maximum compressive stress
was found close to the hole edge and then the compressive residual stress values decreased rapidly
away from the edge of the hole. The residual stress become more compressive as the thickness is
increased from 5 mm to 13 mm due to the change in the state of stress from the plane-stress to the
plane strain condition. 13 mm plate thickness or t/d = 2.6 is considered as the optimum plate thickness
to induce high compressive residual stress in this project and further thickness increment will cause
the residual stress to become less compressive. The less compressive residual stress is due to the
blocking action of plastic zone. Plastic zone is important in creating the residual compressive stress
and due to blocking action of plastic zone, further thickness increment after t/d = 2.6 will reduce the
value of residual compressive stress.

3.2.2 Effect of expansion ratio on residual stress. Figure 10 shows the stress behaviour around the
expanded hole due to the different expansion ratio.
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Figure 10. Residual stresses graph versus distance from the hole for
t/d=2.

Based on the graphs shown in Figure 10, the stress at edge of the hole becomes more compressive
as the expansion ratio is increased up to 4 % and it become less compressive for further level of
expansion for #/d = 1, t/d = 2 and #/d = 3. From here, different expansion ratio between 4% and 5%
was applied at the hole to find the optimum expansion ratio to induce high compressive residual stress
at the edge of the hole. 4.5 % expansion ratio showed the most compressive residual stress at the edge
of the hole as the expansion ratio of the hole was varied between 4% and 5%. However, the area of the
compressive part increases as the degree of expansion increases. This is due to the increase of applied
load at the hole that will deform the material beyond the yield point and extends the plastic zone to a
larger area. Plastic zone size is a critical factor in creating compressive stress. 4.5% of expansion ratio
was considered as the optimum level of cold expansion and due to reverse yielding, residual
compressive stresses at the edge of the hole become relaxed. Therefore, as the degree of expansion
increases beyond 4.5%, the higher reverse yielding resulted in less compressive residual stresses at the
edge of the hole. Reverse yielding is a condition that occurs when the stress in a material is decreased
or relieved when the material is subjected to prolonged constant strain [11]. Expanding the hole
beyond the limit only intensifies the stress relaxation at the edge of the hole which will reduce the
compressive residual stress at the edge of the hole.



4th International Conference on Mechanical Engineering Research (ICMER2017) IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 257 (2017) 012019 doi:10.1088/1757-899X/257/1/012019

Expansion ratio of 4.5% with t/d = 2.6 are considered as the best condition to induce the high
compressive residual stress which will reduce the propagation of fatigue cracks on the surface of
fastened structure. Figure 11 shows the residual stress developed in optimum condition.
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Figure 11. Residual stresses graph versus distance from the hole for
t/d = 2.6 at 4% and 4.5% expansion ratio.

Based on the graph shown in Figure 11, we can observe that the residual stress becoming more
compressive at 4.5% expansion ratio as compared with 4% expansion ratio for t/d = 2.6. This is the
reason why t/d = 2.6 with 4.5% expansion ratio are considered as the best condition to induce the high
compressive residual stress.

3.2.3 Stress analysis at different through-thickness position. Figure 12 shows the residual stresses
through the thickness at the edge of the hole from entrance face (z = 0 mm) up to the exit (z= 10 mm)
with different expansion ratios.
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Figure 12. Residual stress at different through-thickness position
with different expansion ratios for #/d = 2.

Based on the graphs, the compressive residual stresses near the entrance and the exit face are lower
than the stresses on the mid-thickness for all expansion ratios. The presence of this less compressive
residual stress near the entrance and exit face may be caused by the shear stress due to the axial
movement of the mandrel. The graphs also show that the residual stress becomes more compressive as
the expansion ratio is increased up to 4% expansion and it becomes less compressive for further level
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of expansion. As discussed before, the residual stress become more compressive due to the increment
of plastic zone and it started to decrease beyond 4% expansion due to reverse yielding. The same
behaviour of residual stress distribution was observed for other plate thickness where the compressive
residual stresses start to decrease beyond 4% expansion ratio.

4. Conclusions

The effect of plate thickness and expansion ratio toward residual stress distribution around the cold
expanded hole has been analysed using ANSYS on 7475-T61 plates. The failure of a component due
to excessive tensile residual stress can be avoided by applying the findings in this study.

From the results, we conclude that the residual stress become more compressive as the plate thickness
is increased up to t/d = 2.6 due to the change of the state of stress from plane-stress to plane strain and
it starts to decrease for further level of thickness due to blocking action of plastic zone. Furthermore,
t/d = 2.6 was considered as the optimum plate thickness to induce high compressive residual stress in
this study.

The residual stress at edge of the hole becomes more compressive as the expansion ratio is
increased up to 4.5% and decreased for further level of expansion. However, as the degree of
expansion increases, the area of the compressive part also increases. The residual stresses distributions
at the edge of the hole are controlled by the degree of reverse yielding when it reaches the optimum
level of cold expansion.

Therefore, 4.5 % expansion ratio with t/d = 2.6 were considered as the best relation to induce high
compressive residual stress which will reduce the propagation of fatigue cracks on the surface of
fastened structure. This study also found that the residual stresses near the entrance and the exit face
are less compressive than the residual stresses on the mid-thickness of the plate.
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